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ABSTRACT
STUDJES OF MOLTER-SALT THERM)CELLS

by
Lo oi ] Gsil D. m.ricl:/

This report is identical to a thesis submitted to the Departmsnt of
Chemical Enginsering, Massachusetts Institute of Technology, February, 1964,
in partial fvifiliment 5f the roquirements for the dsgree of Doctor of Science,

The jaupose of this thesis study wes: first, %o determine open~circuit
voltages of several molten-salt thermocells which appeared {0 have promise
for anergy conversion; and second, to formate an expression which sstis-
Ductorily described the efferct ¢f known variables on this voltege.

In line with these obJjectives, the open~-circuit voltages of four
thermocells were measursd experimentally. All four had identical chlorine-
on~graphite electrodes, but each contained a different electrolyte. The
four pure molten salt electroiytes studied were lithium chloride, sodium
chloride, potassium chlorids and silver chloride. Open-circuit voltages
wate determined as a function of total pressure and of electroga temperatures,
vhich ranged from near the melting points of the salts to 1300°C. To*sl
pressures vere varied from one atmosphere to & tenth of an atmosphere sx-
cept in the lithium chlorids-chlorine system which was studied at one
atwosphere only. From the data, curves showing cell voltage as a function
of electrode temperatures and total pressure were formilated.

The Seebeck coefficients of the four systems studied were found to
vary. At high temperstures and low pressures in particular, there was
& marked increasc due to vapor pressure and dissocistion effects.

An equation was derived which correlated the effects of & pressure
change aff cell voltage. It wvas found that the cell voltage couid be pre-
dicted with accuracy once the vcltage versus temperature characteristics
of the system had been esteblished at one pressure. The equation included
the aflects of salt vepur pressure and chlorine dissociation on voltage.

Calculations indicate that the maximm overall efficiency obtain-
sole in any of ths systems studied is around five per ceat. This is
the efficiency eatimated for the silver chloride-chlorine thermocell oper-
ating at a total in'sssure of Obh atmospheres and cold and hot electrode
temperatures of 500°C and 13500 C respsctively. Voltages and efficienciles
ware estimeted for the hypothetical lithium fluoride-flucrine thermocell.
This system appears to have & maximm efficiency of around ten per cent
which 18 thought to be the highest obtaimable in ary molten-salt system.
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I. SUMMARY

A. Introduction

1. Thermoelectric Energy Comversion

During recert years, a great deal of research has been directed
toward the development of new methods ior converting heat and other
forms of energy into electricity. Among these methods is thermoelectric
energy conversion which depends on a vrinciple first discovered by Seebeck
who found that & voltage was generated vhen the junctions in an electric
circuit composed of two different conductors were held at different temp-
eratures. In horcr of this discovery, the rate of change of voltage with
tewperature for suvck & system is called the Seebeck coefficient.

The most familiar application of Seebech's discovery is in the bi-
metallic thermocoupie. Although this is generally used to determirpe temp-
erature from the measured voitage, it has also been recognized &s a pos-
8ible energy conversion device. The e.m.f. developed in such a system
can be made to ceuse a current flow, thus producing energy. Under load,
the thermoccuple operates as a heat engine, recelving heat at the hot
Juncticn, rejecting heat at the cold junction and doing work. It is fou .,
however, that. the efficiency of the bimetallic thermocouple is extremely
low.

The recent interest in thermoelectric erergy conversion resvlts from
the develpment of solid-state thermuelectric generators which provide power
at a mich higher efficiency than was possible with bimetallic thermocouples.
In fact, because of the adva.tage of no moving parts, these devices have
already been produced commercially for a mmmber of applications. They
have the disiéadvantage, however, of deteriorating at high temperatures.
Thus, for contimious operation, the solid-state thermoelectric device is
limited to a relatively low temperature reange and hence, a low maximm

efficieacy.
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2, Efficiency of .Thermoelectric Devices . . - 4 .,

[ R

Thermoelectric devices arc judged in terms of their overzll efficiency,
which 1s defined as the fraction of the high temperature heat absorbed which
is converted to useful work. The degree to which the efficiency of these
devices falls short of the Carnot efficiency depends upon the relative mag-
nitudes of the Seebeck coefficient and the thermal and electrical conduct-
ivities. Highest efficiencies require high Seebeck coefficients, high
electrical conductivities, and low thermal conductivities. The influence
of these three properties is formulated mathematically in standard texts(10,1k4)
and is discussed in detail in the body of the thesis. High thermal cond-
uctivities coupled with low Seebeck coefficients have imposed definite
restricticns on the efficiencies of bimetallic thermocouples. On the cther
hand, the development of solid-state materials with high Seebeck @ocefficients,
relatively low thermal conductivities, and high electrical conductivities has
made thermoelectric energy conversion pocsible at much higher efficiencies.

3. Thermocell Descriptie:

The thermoelectric effect is not limited to electronic conductors
such as metals and semi-conductors but is also observed in molten salts,
aqueous solutions, and ionic solids, which conduct electricity by ion
migration. Thus, if two identical electrodes held at different temperatures
are connected by an electrolyte having ions which can undergo reaction at
the electrodes so that there is a reversible heat effect, & voltege is
generated. Such a device is commonly called a thermocell.

The thermocell differs from the conventional thermocouple in that
electrical conduction is accompanied by a transfer of material between
electrodes due to ion migration. An example of & simple thermocell in
which this occurs i1s shown in figure 1 where the silver chloride-silver

system is illustrated. Note from the figure that it would be necessary



to recyclie silver from the cold to the hot electrode if this system -ere
to operate contimiously as shown.

In the absence of extreme pressures, thermocells using aquenus solutions
are limited to a small temperature range. Hence, they are not particularly
attractive and will rot be considered further. Cells contairning solid
ionic electrolytes are likewise not attractive today, since all known solid
electrolytes show rather low electrical conductivities. On the other hand,
electricel conductivities are high for many molten salts. In addition,
the temperature range between their melting and boiling points is great
allcewing molten salt systems to operate above the maximim temperatures
jojereted by conventional power generators. In light of these factors,
the molten salt thermocell was chosen for study.

L, Selecticn of Molten Salt Systems to be Studied

The selection of the specific molten-salt thermocells to be studied
vas based on & oonsideration of the three factors affecting effiency.
These are discussed below.
(a) Thermal Conductivity: Published data on thermal conductivity of molten
salts are scanty. Recent work, however, (30,31) indicates that the malor
contribution tc conduction in the electrolyte is by vibration of the ions
making differences in thermal conductivity from melt to melt small (typical
values range from 0.003 to 0.009 Watt/cm °c). Therefore, the choice of tne
molten salt electrolyte to be studied here was mede without reference
to thermal :onductivity.
(b) Eisctrical Conductivity: In contrast to thermal conductivity, this
property is profoundly influenced by the nature of the molten electrolyte.
The metal fluorides have in gereral the highest electrical con&ucti’vitiea »
'tﬁ.xt were not used tecsuse there is no suitable container at the present

time., Four salts with slightly lower electrical conductivities are the .



chlorides of lithium, sodium, potassium, and silver. Since suitable
containers are available for them, these four electrolytes were select 4
for study.
(c) Seeveck Coefficient: It is possible for the electrode reactant to be
a solid, & liquid, or a gas. It can be shown that due to the high entropy
associated with gaseous molecules, thermocells having pas electrodes will
in general have higher Seebeck coefficients, For example., the highest
Seebeck coefficient yet reported for a molten-salt thermocell is that
for the chlorine electrode in silver chlcride(26). In addition, the See-
beck coefficiert can be increased by reducing the pressure of the gas
supplied to the electrode. On the basis of these facts, it was decided
to use the chlorine electrode.

In the past, open-circuit voltages for silver chloride, sodium
chloride, anc potessium chloride thermocells with chlorine electrodes
have been reported for a8 limited temperature range and at one atmosphere
pressure(26,5). The data for the last two systems ars considered by the
author to be unreliable for reasons mentioned in the body of the thesis.
The scope of this work included the study of these same systems over a
larger range of temperature and pressure than that previously explored.
It also included the study of the lithium chloride-chlorine cell at one
atmosphere pressure.

The study of electrode kinetics was comsidered beyond the scope
of this thesis. Hence, the proposed experimental work involved the measure-
ment of open-circuit voltages only.

B. Theory

Based upon & thermcdynamic analysis of the molten-salt thermocell

using chlorine as the electrode recactant, the following expression for the

voltage of one electrode at a temperature T3 versus a raference electrode



at T, is proposed

1
T
3 . ,
E =;—, [ {ASUdT + 1/2 RT;1nqY - 1/2 R'r31:1([§§i-]qr)] (28)
1

This equation allows for & significant salt vapor pressure and for chlorine
diesociation at the temperature of the hot electrode, but these effects

are assumed tc be negligivle at Tl. The varicus terms are defined as follows:

E is the voltege of the cell at open circuit.
F is the Faraday constant; 96,500 coulombs per gram equivalent.
as®

. o = =
is the standard state entropy change (/2 sC12 + Se,g - sCl’)

for the following reaction:

cl- —a 1/2 L, +e

vhere Sgl is the entropy of chlorine gas at one atmosphere
2

pressure, Se g is the "transported entropy” of the electron in
)

graphite, and § is the transported entropy of the chloride

(03 Ry
ion in the. pure molten salt (the: wransported entropy is defined
as the sum of §, the partial molal entropy and S*; the "entropy

of trunsfer").

]

is the gas constant.

7y  is the total pressure and is equal to the chiorine pressure at
the reference electrode. (At the referencc temperature, the vapor
pressure of the fused salt is negligible.)

qm is equal to the total pressure  mimus the salt vapor pressure.
(The salt vapor pressure may be significant at the temperature
of ‘the hot electrode.)

n is a function of the chlorine dissociation constanu K and.vfﬁ

both evaluated at T3. It is defined by the expression

/
_ ook +1)1/2

‘nA 1 +he r » atar in pan +inn (PR) yhich accounts for dilution



of dlatomic chlorine due to the dissociation reaction

Cl, -—»= 2 Cl

2
Note that the last twc terms of equation (28) account for chiorine pressures
different from unity. It is easily seen that at pressures less than one
atmosphere the second term becomes negative and the last term becomes
positive, It is clear also from inspection that the latter is always

of the greater absolute magnitude. Hence, the net effect of a reduction in
total pressure is an increase in voltage.

Inspection shows that all of the terms in equation (28) can be read-
1ly evaluated, except for ASO which is the entropy change for the ion
discharge reaction and equals (1/2 80012 + ge,g + S:’g - gCl' - Stl_).
5812

is, of course, readily available in the literature, as is (S +85% )
Due to uncertainties in liquid state theory, however; it has not been pos-

€,8 e,

sible in the past to calculate the partial molal entropy of & single ion

in & molten salt. Recently, Pitzer(24) proposed an equation for the

partial molal entropy which he considers to be valid for systems such

&s those explored here (simple 1-1 molten salts where the ions are not

too greatly different in size), but so far, no method for experimentally

confirming Pitzer's equation has been devised.
Another vnknown in AS° is the quantity S:;-.

of transfer, results from the migration of the ion through & non-isothermal

electrolyte. Because of the uncertainties in Sgl, and gCl' as reflected

This term, the entropy

in ASO, the voltage of a thermocell cannot be directly calculated from
equation (28). Note, however, that once the upen circuit voltage has been
measured at & known pressure and electrode temperatures, the integrated
quantitygv 3aS dT can be obtained. Further, since this quantity is
presuma.bly independent of pressure, the voltage of the same thermocell at

the same electrode temperatures but at different pressures can now be calc



C. Experimentation

1. Apparatus

One of the first problems in the selection of an experimental system
was that of finding a suitable container for the molten alkali chlorides.
Previous workers had found that these melts attacked fused quartz#i There -
fore, 1t was thought necessary to use othexr rerfractory materials which
could not be formed into such complex shapes as the U-tubes used in previous
thermocel). studies. The cell design which resulted is shown in figure 5.
The unit was constructed of standard refractory shapes.

The cell proper consicted of & large clcsed-end tube which held the
molten salt. Inside was placed a smaller open-end tube which hung approx-
imately one inch above the floor of the cell. The melt level was depressed

in the small tube, and a graphite elecirode and thermocouple were placed
in the electrolyte at this pclut to form the cold junction of the device.,
The hot Junction was formed by another graphite electrode placed Just below
the surface of the iiquid in the annulus between the tubes. A thermocoupls
was also placed in the annulus adjacent to the hot electrode. The temper-
atures of these compartments were controlled independantly by devices
which regulated the power input to the two zones of the tube furnace.
Chlorine was supplied directly to the electrodes which were constructed

so0 that only a small button of graphite adlacent to the thermocouple

came into contact with the molten salt. All cell components were sealed
together as a unit at the top of the large tube outside of the furnace.

The sea) was affected with a teflon plug-viton O-ring fitting which was

gas tight at moderate vacuum,

¥ Note: It was found, however, that the melts themselves were not corrosive,
but that corrosion resulted from contamination by moisture. If chlorine
was bubbled through the salt for a few hours following melting as sug-
gested by Maricle and Hume(20), corrosion of quartz was minimal. Bloom,
et a;.\w; also found fused qu quartz suitable when the salt was pure.



2. Operating Procedure

'The voltage versus temperature characteristics of a given cell at
constent pressure were measured by holding the cold electrode at a given
temperature while increasing the temperature of the hot electrode in steps
of about QOOC. At a given temperature setting, the open-circuit voltage
registered bvetween electrodes and the c.m.f.'s of each thermocouple vere
determined. The temperature of the hot electrode was then increased and
when steady-state was achieved, the readings were rereated. By this method,
it was possible to determine cell voltage as a function of the temperature
difference between the electrodes.

The geometry of the experimental cell prevented a temperature dif-
ference greater than 200°C. For that reason, when a string of data
points had been determined at a steady cold jJunction temverature, the temp-
erature of the cold electrode was increased by about 150°c. Then, while
still at the same pressure, another string of data points were obtained
starting with the Lot electrode at the same temperature as the cold and
again ralsing its temperature bvy 20°%¢ steps. When the entire resgion of
temperature had been explored at constant pressure in this manner, the
pressure was chenged and the process repeated. Then, by superimposing
consecutive raw-data plots, it was vossible to formulate a graph showing
the voltage of the hot electrode at any temperature and pressure versus
a cold electrode at a choser reference temperature. The sample graph shown
in 1izure 10 is for the potassium chloride-chlorine system., Similar exper-
imental curves were obtained for each of the other thrae systems studied
at temperatures ranging from just above the meliing point of the electrolyte
to 130000. Pressurec were varied from one atmosphere to as low as 0.1
atmosphere except for the lithium chloride-chlorine cell which was studied

at atmospheric pressure only.
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3. Experimental Results

The experimental results are shown in figures 12, 14, 15 and 16 for
the four systems studied. The points shown represent voltages measured
experimentally and formlated as described above., The lines on the fig-
uras are voltages calculated from equation (28). In brief, the calculation
method was as follows:

First, the last two terms of equation (28) were evaluated for a given cell
pressure ard each of several hot electrode temperatures from data avialable
in the literature (salt vapor pressures were taken from reterences(l) andik),
and dissociation data were taken from(§)), The cold electrode temperature
used was equal to the reference temperature chosen for the particular cell,
Second, these calculated quantities were subtiracted from the corresponding
experimental voltages to yield the value of £T3¢;S°dT as a function of
temperature (shown as dotted lines in the fig;,res). Then, voltages
corresponding to different cell pressures at various temperatures were
calculated from equation (28) using the known value of fT3A>S°dT. As
shown in the figures, the cell voltsges so calculated ag}ee with those
measured experimentally within the limits of experimental error.

The Seebeck coefficient, namely the slope of the E versus temperature
curve, was not constant in these cells, but was found to vary significantly
with temperature and pressure, Note in particular the upward curvature
of the lines at high temperatures and low pressures which results from
increasing salt vapor vressure and chlorine dissociation. This effect
is not as pronounced in the silver chloride system where the melt has &
comparatively low vapor pressure and a low melting point. In fact, for
the silver chloride-chlorine thermocell, there is a noticeable decrease
in Seebeck coefficient with temperature in the low temperature region. (The

same trend can be observed in the dotted curves for all four systems.) This
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behavior indicates a decreasing AS° with temperature due to a ;&Cp for
the half cell reaction different from zero. For the silver chloride-chlorine
cell, the measured ¢3Cp is about -3.0 e.u. and is in striking agreement with
the estimatz2?d value of -3.3. Similar agreement was found for the other
systems also.

The average Seebeck coefficient for the silver chloride-chlorine
cell between 500°C and 900°C and at one atmosphere pressure was found to
be 0.655 mv/°C in agreement with the value of 0.66% % 0.020 mv/°C reported
by Senderoff and Bretz(26) for the same conditions. Detig and Archer(5)
found the values 0.45 mv/oc and 0.40 mv/oc for the sod*um chloride-chlorine
and potassium chloride-chlorine thevuocells respectively at about 850°C.
These compare with 0.475 mv/C® fouud in this work for both celis under
similar conditions.

D. Conclusions

1. Transported Entropies and Entropies of Transfer

From the data, the quantity §Cl‘ was calculated and was found to ve
19.72 e.u. in lithium chloride at 827°C, 21.61 e.u. in sodium chloride
at 92700, 21.73 e.u. in potassium chloride at 927°C and 17.09 e,u. in
silver chloride at 727°C.

If the Pitzer equation(2h) is correct, entropies of transfer are
very nearly equal to zero in lithium chloride, sodium chloride and potassium
chloride, but the value is -3.7 e,u. for the chloride icn in silver
chloride. It mu~t be recognized, however, that Pitzer's relationship
does not necessarily hold with equal validity in =1l systems studied.

A more dstailed discussion of the various entropy terms can te

found in the body of the thesis.

2, Thermocell Efficiencies

The variation in Seebeck coefficient indicated by the curved lines in

- - 1 1
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expression derived for solid-stete thermoelectric gererators. Approxinate
thermocell efficiencies cen, nevertheless, be estimated although the
calculation i3 tedious.

At first glance, it would appear that maximum thermocell efficiencies
will be obtained where the s8lope of the voltage versus temperature curve
is steepest. However, under these conditions, the salt vapor exerts a large
fraction of the total pressure in the hot electrode chamber. This means
that, in operation, salt vapor will be carried along with the recirculating
chlorine. Hence, heat will be absorbed at the hot electrode by vaporization
and will be transported irreversibly to the cold electrode chamber. There-
fore, when the salt vapor pressure becomes too large, this irreversitle
transfer of heat serves to reduce cell efficiency.

In celculating the maximum efficiency, it is necessary to balance the
irreversible effects (ohmic loss, heat transferred by conduction, and
heat transported by vaporization) against the rate of reversible heat ab-
sarpﬁion at the hot electrode. Such & calculation based on & ccld Junction
temperature of 500°C was made for the silver chloride-chlorine thermocell
with the results shown in table V. Note that the efficiency so celculated
increases with reduced pressure and increased temperature in general until
at 1300°C and 0.4 atm it reaches a maximum (4.5 per cent) and starts to
decrease agein. This phenomenon reflects the influence of the increasing
salt vapor pressure. In fact at 152700 and 1 atm pressure (20°C below the
normal boiling point), the efficiency is only 2.7 per cent., Thus, it
appears that the maximum efficiency for this particular system is in the
neighborhood of 4.% per cent at the conditions described above. The alkali
chloride-chlorine thermocells because of high vapor pressures and shorter
tempersture ranges are even less efficient.

Also in table V are shown estimated efficlencles for two hypothetical

thermocells, namely the lithium flunride-fluorine cell which has an un-



12

usually high electrical conductivity and the boron oxide-oxygen cell which
has a large temperature range and a low vapor pressure. The voltages to
be expected from these systems were calculated from expressions ana.ogous
to equaticn (28). The half cell entropy changes were sstimated using
Pitzer's equation and assuming Sj&_ to be zero.

It is interesting to note that ever though the boron oxide-oxygen
system has a high Carnot efficiency due to & large temperature range,
the actual. efficiencries are low. This i3 due to the decrease in the numter
of moles reacting per electron transferred. The lithium fluoride-fluorine
system on the other hand has an estimated efficiency of up to 1i.k per cent,

the higher efficiency resulting mainly from the increasad electrical con-

ductivity of the electrolyte.



IZ. INTRODUCTION

During recent years, a great deal of research has been directed to-
wurd the development of better techniques for converting h2at and chew-
i2al epergy into electriiity. This research has been motivated not only
by taie demand for lower cost domestic electricity but also by requests for
efficient and compect electyical generators to be used in military and
sp&ace applications.

One device resulting from this effort ic the solid-state thermoelect.-
.1c generatcr which is analogous to the familiar bimetallic thermccouple.
The overall efficieccies of rolid-state thermoelectric devices are, how-

-~ :r, mch higher than those schieved in the past using bimetallic thermo-
couples because of the high electrical conductivities, high Sesdeck
coefficients, and low thermal conductivities of the newly developed

sen! -conductors used in their construction. But, a serious problem

with solid-state devices, at least as they are presently compounded, is
that they tend to loose thelr favorable thermoelectric properties at high
texperatuares. Hence, they are limited to a temperature range in which the
maximum theoretical (Carnot) efficiency is quite low.

A thermoelectric device analogous to the solid-state counle and
known as the molten-salt theimncell has also been proposed as a possible
electrical generator(28). Like semi-conductor thermcelectrica, simple
thermocells consist of two dissimilar electrical conductors connected in
series with the junations at different temperatures. In the thermocell,
however, at least one of the conductors is ionic rather than electronic,
while both conductors are electronic in solid-stete devices., Thus, in
the thermocell, electrocheimical half cell reactions occur .t each of the
Junctions or electrodes. As an exarple, the silver chloride-silver

thermocell is shown in figure 1. Here, the silver electrodes and wire
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Figure 1. Schematic disgrem of molten silver chloride-silver
thermocell.
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represent the electronic leg of the thermocell and the mclten silver chlor-
ide represents the ionic leg. Notice that the two silver electrodes and the
molten electmilyte surrounding them are at uniform but different temperstures
with the temperature drop confined to the electrolyte connecting these
electrode compartments. The silver wire conpecting the two electrodes

slso passes through & thermal gradient. When this cell operates spontan-
eously, electrons and silver ions are produced by the hhlf‘cell reaction

at the "hot" electrode on the right az indicated, whereas, the reverse

of this occurs at the "cold" elactrode, Comsequently, electrons flow
through the silver wire and silver ions migrate tibrcugh the melt, re-
sulting in an sccumilation of silver at the cold electrode.

It is not necessary in accordance with the basic definition given
ahove that the clsctrolyte used in & thermocell be a molten salt. For
exemple, agueous solutions and some solids are also ionic conductors,
but, because of the limited temperature range of agueous solutions arnd
the high electrical resistance of ionic solids, the efficiency of thermo-
cells using these as electrolytes 1s low. Fused salt thermocells show
greater promise for energy conversion because molten salts have a much
lowver electrical resistance than either of the other two ionic conductors.
In additicn, with the melting points of the electrolytes often between
400 to 3000°C (see table II) and with liquid ranges at stmospheric pressure
of several hundred degrees, the molten-salt thermocell has potential,
if other factors are favorable, as a "topping" device io extract electrical
energy from high temperature heat while exheusting the unused heat at a
lower temperature to a conventional generator.

Unlike semi-conductor thermocouples, the molten-salt thermccell
does not have the problem of deterioration at the hot Jjunction. On the

other hand, because of corrosive attack, it is extremely difficult to
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find suitable containers for molten salts at high temperatures.

A, Thermoelectric Effects in Thermocells

The thermocell develops & voltage because the reversible potential
of & helf cell reaction is a temperature function. This phenomenon is
expressed quantitatively by the following equation:

dE AS
E:f:u‘sg (1)

where E is the half-cell potential, AS is the half-cell entropy change,

p is the number of equivalents involved, and X is Faraday's constant;

ail in consistent units. The change of voltage with temperature in equat-
ion (1) is. of course, the Seebeck coefficient defined es usual. From
equation (1), it can be shown that two identical electrodes at different
temperatures when connected "back to veck” through a common electrolyte
will generate a net voltage, and the unit will function as & heat ergine.
Clearly, by the second law, the elsctrode reactions must occur in a direct-
lon such that heat is absorbed at the hot electrode if power is to be
produced.

There is no general rule governing the polarity of the electrodes;
that is, whether the half cell reaction at the hot electrode involves
oxidation or reducticn. This can be sesn in table 1 which shows the
change of voltage with tewperature (Seebeck coefficients) for a few
selected thermocells. According to these data, the hot electrode in a
simple thermocell is generally negative for molten and solid salt systems.
On the other hand, the opposite is truec for cells containing aqueous elect-
rolytes. Note, however, that there are exceptions to this generalization
in both categories.

Of particular interest in tabls I is the large value of t{he Seebeck
coefficiznt measured for the chiorine electrode in molten silver chloride.

According to equation (1), this indicates a half cell electrode reaction
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Table I

Seebeck Coefficients of Selected Thermocells

Seebeck Polarity
Electrode Coeffisient of Hot
Electrolyte Reactant Temperature (mv/"C) Electrode Reference

Molten Salts_
AGNO3 Ag 500°K 0.329 negative 2
AgCl Ag 800 0.403 " 2k
AgBr Ag 750 0.48 " 2k
Agl Ag 850 0.43 " 2h
ZnCl,, Zn 600 0.13 positive 2
AgCl. ci, (b) 1000 0.664 negative 26
CuCl Cu 800 0.437 " 22

B H, (c) 268% 0.872 positive 3
cl” c1, (v) " 0.389 negative 3
zntt Zn " 0.962 positive 3
cu’ Cu " 0.813 " 3
Az’ Ag " 0.129 negative 3
Solid Ionic Salts
AgCl Ag 500°K 1.20 negative 2h
AgBr Ag 500 1.12 " 2h
CuCl Cu 500 0.93 " 2k
P'b12 Pb 550 0.39 positive 24

{a) Note that at infinite dilution in aqueous solutions, the counter ion
has ro influence on the entropy of the reacting ion. These values
vere obtained at infinite dilution and adjusted by calculation to the
one molal reference state.

(b) These data ere for chlorine at one atmosphere pressure reacting on
graphite electrodes.

(¢) This value is for the standard hydrogen electrode.



having a large entropy change. From the following derinition of the
entropy change for the chlorine elactrode reaction,

° -1z Sgla +8, - §,- (2)
it can be shown that the higher Seebeck coefficient for this cell results
from the relatively large entropy of gaseous chlorine. It follows in gen-
eral that whenever one of the reaction species 1s a ges; its contritution
to the Seebeck coefficient will be large.

Observe that the chlorine pressure was one atmosphere in the silver
chloride-chlorine thermncell discussed in table I. It wvas noted that che
gaseous entropy 8812 can be increased even further by reducing the chlorine
partial pressure. Thus, vacuum operation or dilution with an inert gas
should in theory increase the Seebeck coefficient of this electrods.

It is to be recognized that the ionic and electronic entropies of
equation (2) are not simply the partiel molal entropies but are the
"transported entropies”. The transported entropy S is defined as the sum
of §, the pertial molal entropy, and g¥ , the "entropy of transfer". (TL.
nomenclature is that used by Pitzer(2h) and some of the other authors
writing in this field.) The term S"E relates to the transfer of a charged
particle threugh a temperature gradient, and it will be discussed in detail
in a later v+»~*!on.

B. Efficiency of Thermoelectric Devices

One of the most significant factors influencing the walue of a device
for energy conversion 1s the efficiency. The following equation derived
in standard texts(10,1%) for solid thermocouples also applies to-mtlten-salt
the-mocells with constant Seebeck coefficients and with no convective heat

transfer:

e =2 °)<, — c,,ﬂ (3)
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where

€ = maximm possible efficiency; defined as ihe ratio of the
useful work produced to the heat supplied to the hot
Junction.

'rﬂ = absolute temperuture of the hot junction; °K.

Tc = absolute temperature of the cold Junction; °K.

and M is defined by the equation

M=z ('.!.'H & TC)/Q + 1 ]1'/2 (%)

The parameter z, generally used to characterize thermoelectric devices, is

knowvn as the figure of merit and is defined as follows:

&
T L og/a) P e (/e ?
vhere
a = Seebeck coefficient of the couple, dE/dT; volt/°c.
k = thermal conductivity; Watt/cm °C.
¢ = electrical conductivity; ohe”! emt,

Subscripts 1 and 2 refer to the properties of the two separate legs of
the couple.

Froa these equations, it 1s apparent that the actual efficiency is
the product of the Carnot efficiency and & factor involving the physical
propevties of the generator components. Notice thut the maximm efficiency
of the device approaches the Carnot limit as the figure of merit approaches
infinity. This 1s compatible with the definition of z since high figures
of merit characterize systems with high Seebeck coefficients (high potential
per unit vemperature difference), high electrical conductivities (1ov
ohmic loss in the conductors), and low thermal nonductivities (low cnergy
degredation by thermal conduction).

The efficiency calculated from equation () is plotted versus temp-

erature with z as a parameter in figure 2.
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C. Selection of Experimental Sysiems

Sundheim(29) estimated a meximum figure of merit for molten-salt
thermocells 02 .0 X 10"‘. He pointed outv, however, the problem of
transfer of the electrode reascant from one side of the cell to the cther
vhich makes recycling necessary. Since he apparently considered only
cells involving solid electrode reactants, his conclusion was that these
devices would be most useful in cowbinetion with & chemical process such
ags purification of the electrode material. Note, however, that use of
the chlorine electrode avoids the necessity of mechanicel recirculation.
Also, as previcusly mentioned, the Seebeck coefficient of this electrode
is unusually high, and theoretically, it can be increased even more by
reducing the chlorine partial pressure. For these reasons, it was decided
to stt_:tdy thermocells involving chlorine electrodes in .severa.l molten salts.

It is evident from aquations(3), (%) and (5) tbat the molten salt
nsed in a thermocell should have & low thermel conductivity and a high
electrical conductivity. These properties are listed for & few selected
molten salts in table II alorg with other properties of interest.

Even though thermal conductivity data are rather scant and unreliable
for molten salis, the values shown indicate that this property does not
vary signigicantly from salt to salt. (For further discussiou of this,
see references 29, 30 and 31.) For this reason, selection of the electro-
lytee to be studied was mnde on the basis of electrical conductiﬂty.

ﬁ'om table II, it can be seen that the molten chlorides as a group
have the ﬁigheat electrical conductivities of the salts listed except for
the fluorides which, bacause of their corrosive nature, are impractical to
study at the present time. For this reason, four chloride salts were
chosen for study; the chlorides of lithium, sodiuw, polassium, and silver.
The silver chlor’ie meit had additional velue as a referencs since 'resulta

_ were already available on the silvexr culoride-chlorine thermocell in the



Table II
Thermal and Electrical Conductivities for a
Pew Selected Nolten Salts
Thermal Conductivity Electrma} Coninctivity

Molten Melting Boiling at Meltiag Point ohm (v)
Salt _Point _point Watt/cm'C (a) At Melting Point At 900°C
LiF 870%  1670% 8.3 8.5
NaF 980 1700 9.1

KF 880 1500 3.7 3.8
LiCl 613 1353 57 7.0
NaCl 801 1413 (0.0083) 3.1 3.8
KC1 776 1420 2.2 2.5
LiBr 549 1265 W §

NaBr 745 1390 2.8 3.3
Kor 135 1380 1.6 2.0
141 465 1190 3.5

Nal 659 1300 2,2 2.9
KT 723 1420

RbCl 722 1390 1.5 2.0
RbBr 692 1340 1.1 1.5
Rbl 6k 1300 0.9

CsC1 645 1290 1.1 1.8
Ba,C0, 851 3.0

FixCl, 501 950 1.3

mo3 334 d. 400 0,0043

Agllo3 212 A, bib 0.0028 0.7

ZaCl, 262 732 0.0031 0.1

KCNS 173 d. 500 0.0028

NEHSO), 147 0.0036

KESO, 210 0.0034

NaiS0, 180 0.0046

AgCL 455 1500 4,3 5e1
AgBr h3h  4,.700 3.0

NaNO, 307 4. 380 0.0056 0.9

NaOH 318 1390 0.0092 2.1

CuCl y22 1366 3.3

(a) A1l thermml conductivities are taken from Turntull(30,31).
(b) Electrical conductivities are taken from references 15,3%,35 and 36.



It was hoped that the experimental results might suggest modifications
vhich worild increase the maximum figure of merit for molten-salt thermo-
cells to a value higher than that estiwated by Sundueim,

D. Review of Past Thermocell Resezrch

The great majority of past work has invoived aquecus thermccells.
thn(l) initially derived the equations for these systems where thermal
diffusion of the solute ions can also affect cell voltage. MNore recehtly,
Tyrrel1(32), deGroot(1l) and others bave analysed aqueous thermocells by
non~equilibrium thermodynamics. All past work is discussed exhaustively
in the reviews by deBethuns, et. al.(2,3).

Following the piémeering work of Poincsre(gz) in 1890, the study
of molten-galt thermocells iay dormant until the work of Holtan, et. al.
(12,13,21), who studied a number or systews involving molten and solid-selt
electrolytes. Since then, several other investigstors have studied
molten-salt thermocells(28,22,26,5). Most of these studies have involve2
the use of s01id electrode reactants. Only recently, however, Senderoff
and Bretz(2() reported results for the gasecus chlorine electrode in
molten silver chloride, and Detig and Archer(5) published results for this
same e?.ectrode in molten sodium chloride and molten potassium chloride.
Both investigations involved chlorine at one atmosphere pressure. The
former study &ppears to have been carefully done, ari for this reeson,
the same system wes investigated in this work so that experimantal results
could be compared. On the other hand, the results reported by Datig
and Archer appear to be quite scattered, and for remsons discussed in
section VII-B, can be seriously questioned. The author is not aware
of any further work involviné gaseous electrode reactants in molten-salt
thermocells.

A possible weaknecs in some past studies is the questionable application

of the equations derived for aqueous systems to molten-salt cells, giving



an expression dependaunt on the transference numbers cof the ions in the
melt. Nichols and Lanzford(22) and Sendercff and Bretz(26) recognized
this and formilated their results accordingly. Pitzer(2k) in his treat-
ment of the subject also dificussed this question ar follows,".....s:d
it is apparent that the transference mumber drops out of the equation
for the pure salt cell, Indeed a transference mumber in A single com-
ponent fused salt can only be defined in an arbitrery manner.” His
final statement is further substantiated by Van Artsdalen(33). The
theoretical approach followed in this thesis and cutlined in section IIT
also ylelds a final expreseion for thermocel.. roltage independant of trans-
Terence numbers,
E. Scope of This Work
The planned scope of this research encompassed two goals:

1. The execution of en experimental program in which the Seebeck

coefficients of the chlorine-on-graphite electrode would be de-

termined as & function of temperature and chlorine pressure in

several selected molten salt electrolytes, and then, the fo.mw.-

lation from these results of a gecaralized equation applicable

to such systems,

2, The calculation of maximum efficiencies which can be expected

from those molten-salt thermocells studied and estimaticn of

efficiercies for other fused-salt systems yet unmeasured,

in fulfillment of the firat goal, open-circuit voltages vere suc-

cessfully measured for the systems proposed over a tempersture range
extending from the melting point of the respective salt up to 1300°C; 300°¢
higher than previously reported for any thermocell. These measurements were
mde at chlorine pressures of oue stmoaphere and at variocus lower pressures
for al) systems except lithium chloride which wes measured at one at-

[T Y



mosphere only. These duta are repo-ted in section VI, In section III, a
theoretical equation is develcoped which exprecses the thermocell voltage
as a function of the half-reaction svandard entropy change, tae electrode
temperatures, and the wartial pressure of the reacting species. Tnis
equation is an extension of equation (1) to conditions where tiae gas
molecules, because of dissociation or dilution by the salt vapor, may have
different fugacities at the two electrodes, The effect of baving reduced
chlorine partial pressures at both electrodes due to vacuum operation is
elso included in the expression, and the voltage represented is an
integrated totsl voltage rather than the rate of change of voltage with
respect to temperature given by equation (1); the expression comminly
reported in the literature. The derived equation was compared with
experimental data, and the agreement is discussed in section VII.

The second inten’ed goal; that of calculating maximum tbermocell
afficiencies, wvas complicated by the fact that the Seebeck coefficient
found under these experimental conditions was not a constant, Hence,
equation (2) which wus derived assuming constant g no longer holds, and
8 corrected equation becomes extremely complex due not ounly to variation
of the Geebeck coarficient but alsc the need to allow for factors such
as veporization of the salt at the hot electrode into the gas stream
followed by condensaticn in the returr line. Jowever, efficiencies
can 8till be estimated, although the calculation is lengthy and tedious.
Typical results of this calculstion for the silver chloride-chlorine cell
are shown in section VII-E.

In order to estimate effrciencies of cells vwhich show promise for
energy conversion and yet are difficult to investigate experimentally,
it is necessary to £now the transported entrory of the migrating ion.
This quantity was evaluated experimentailly for the chloride ion in the

four molten sslta studled, and in addition, an effort wvas made to estimate



ite probeble magnitude in other melts of interest. This itransported
entropy and its related quantities, the peartial molal entropy and entropy
of transfer are discussed in section VII-B. Based on the conclusions
stated there, the efficiencies of tbe hypotheticel boron oxide-oxygen and
lithium filuoride-fluorine thermocells were estimated and are reported

in section VII-E.



III. THEORY
The purpese of this section is to provide a quantitstive thecreta 'al
tool for evaluation of the open-circuit voltages which were measured
experimentally by the author. Therefore, the first stage of the following
thermodynandc derivation is specific to molten-salt thermocells containing
chlorine electrodes. Following the formulation of this specific expression,
the yresult is generalized to include all similar molten-salt systema.

A. Description of Cell Model

Tgure 3 shows & schematic diagram of the chlorine cell. The "cold"
electrode is at an absolute temperature '1'1 vwhich is aear the melting point
of the salt. At this tempersture, the vapor pressure of the melt and the
amount of chlorine dissociation (dlatomic to monotomic) are assumed to
e negligible, The temperature at the hot electrode, Té, ia high enough
80 that either dissociation of chlorine or salt vaporization or both
may occur in significant amounts. Zone 1 is designated as the cold elect-
rode compartrent and is considered isothermal at Tl' Zone 3, the hot elect-
rode compartment, is isothermal at T3. Zone 2 which includes both the melt
and the graphite conductor is the non-isothermal region conrecting zones
1l and 3. The entropy change for the chnlorire half cell reaction is such
that chloride ions migrate in the electrolyte from the cold to the not
side of zone 2, and electrons migrate through the graphite conductor in the
opposite direction. Thus, the elecirode reactions occur spontaneously es

written in the figure.
B. Thermodynamic Analysis of Cell Model

The ceil system chosen for analysis here conteins the electrolyte,
the wire and the two el2ctrode chambers. As shown in.-figure 3, chlorine
gas 1s permitted to cross the boundaries of this system,

Consider the passage of electricity through the cell in the direction
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indicated in figure 3. It is assumed that this rassage occurs reversibly,
meaning that the current is infinitesimal so that obmic losses (I°R losses
in the conductors) and polarization effects. are zero, and that
the cell potent.al is equal to tie open-circuit voltage. There is, of
course, an irreversible phenomenon in this system due to the steedy-stste
conduction of heat from the heat reservoir at '1‘3 to that at Tl. It is
sssumed, however, thet the reversible phenomena can be enalyzed independ-
antly of this effect as though the irreversibility were not present. This
is equivalent to assuming that the cell is divided into small segments,
each isothermal but at a different temperature than its neighivor, and
each connected tc an appropriate heat reservoir. Matter can pass reversibly
fron segment to segment, but each is thermally insulated from the other.
Heat can be conducted reversibly from each segment to its reservoir or
visa versa as required. (These are the same assumptions made by Thcmson
(Loxd Kelvin) in his formulation of the equations relating Peltier and
Thomson heats to the voltage of a thermoc: aple. His results were later
verified by experiment(10).)

For the system pictured in figure 3 and discussed above, the first
law can be writien as follows:

iy = Gy - Ay (6)

vhere

= total net work produced by the cell. This work is

W
T obviously all electrical work.

Q'.l' = total net heat added to the system. As mentioned
above, this is the reversible heat only and it does
not include that flowing in and out of the system
due to steady-state thermal conduction.

,_\HT = difference in enthalpies between che chlorine leaving
and that entering the system.

It is possible further to separate the right side of equation (6) into

corresponding terms for each of the three cell zones as shown below:



Wp=Q) - 8H) + Q, - AH, + Q- AH, (7)
vhere the subscripte designate the zone to which the heat and enthalpy

terms apply. Since the electrode processes of zones 1 and 3 occur revers-

ibly and isothermally; Q, can be equated to T, AS., where AS. is the entropy
1 1l 1l

1
change for the process occuring in zone 1. By the sam: reesoning, Q3

can be equated to '1‘348 where AS3 is the ent.opy change for the process

3
occuring in zomeé 3. With these substituticnz, equation {7) can be re-

written as follows:

Wp = (T388) - AR} + (S - AKy) + (T,48, - AR,) (8)
Kow, by recognizing that

TlASl - Aﬂl = "AFI (9}
and

'r3¢3.s3 - 4113 = -AF3 (10)
equation (8) can be modified to

Wp = ~A&F) -4F; + (3, - al) (1)

vhere AFl and t.‘.li'3 are the free energy changes for the electrode processes

occuring in zones 1 and 3. For one equivalent of chlorine reacting, Ali'l

is defined by
=F .. - F -2 ¥
AFy = Foy T T ee®) Y c1,,T, (12)
vhere -
FCl" T = partial molal free energy of chloride iom in
1 the melt at Tl'
Fe T = partial molal free energy of the electron in
2820y grapnite &t T,
Fc ? = partial molal free energy of chlorine gas
1a» 1 st its partial pressure in zone 1 and at the
fiemperature !10
Likewise, one ~an write for AF3 in zone 3
1-x -
ar, = ([ 012 r, +x B,y kX + fc’g,% - 1?01-’,1,3) (13)



where the partial molal free energies are for the indicated species at
a temperature '1‘3. Note that equation (13) allows for dissociation of chlorine
as mentioned above. Since, however. thc dissociation reaction

012 ——ye 2 (1

is in equilibrium,

2 F = F (14)
cL,T, ~ el Ty
and equation (13) can be simplified to
sF. = (12 F, . +F - Frnem ) (15)
3 Cly, Ty " e e,y T LTIy

For this analysis, the standard state for chloride ion is that in the
pure melt and for the electron, that in graphite. Hence, they exist in

the cell in their standard states. Then,

- (o]
7 = F
e;S:Ti C;S:Ti
and (16)
- (o]
Fcr',,'.r.'1 = Fc:1"’,'.1ri

vhere F° designates the standard molal .re: energy. The standard state
of chlorine gas is ¢.f€ined as the pure gas at on¢ ftmwsSphere pressure,
and it is assumed that the fugacity is equal to the partial pressure.
Hence, the partial molal free energies of chlorine a't the electrodes can

be expressed by
= (o]
P =F + RT.In p
012,'133 012,'1'3 3 012,'.1'3
and (17)
i‘.' = Fo
\J
ClpsTy  "Clp,T) + RTy1n Per,,m,
Implied in these equations is the assumption that chlorine is an ideal

gas--a reasonable assumption at fused-salt temperatures and low pressures.

The substitution of equations(12), (15), (*6) and (17) into (11)



WT=1/2F° -2 & +F . = FO + ¥ -

7 cy.,T P ,&,T as,T
012) d’ 3 20y 1 3 } 3 (18)
01’T+1/2R'1‘1npc]2,r 1/2”31“%12'.1'*(“2"“2)
and since
o 0 3 ©
Fp - o f 5, ar (19)

1l 3 T

equation (18) can be simplified further to
T -

3
= { - 8
W é {1/2 s 12 e,8 Scr) ar + 3/2 R'.l‘lln pc12,,r1
1

(20)
- 1/2 R'1‘31n p012,,r3 + (02 - 432)

If the temperature at the hot electrode is high enough, the partiali
pressure of 012 molecules 1is no longer equal to the total pressure be-
cause of dissociation to monatomic chlorine and also because of dilution
by vaporized salt. Therefore, assuming that x moles of 012 (on & one
mole basis) dissociate to furm 2x moles of C1, leaving (1l-x) moles of
Cl,, the equilibrium expression (P(:12 = 11;‘51/1(az ) cen be writien in terms
of x as follows:

2x
g )
. o

. /
where K is the equilibrium constant for dissociation and 77 is the total

(l-x

pressure of the mixed ‘312 and C1 {7r minus the vapor pressure of the

salt). ‘anuation (21) can be rearranged to

L (22)

1 _
(b)) « 172 B

vhere n can be evaluated from basic data, making it possidle to calculate

the pressure of diatomic chlorine from the material balance equation below:

pClz - 1-x)ﬁ (n-l, (23)



Note that equation (23) would apply at the cold electrode also if
the diatomic chlorine were appreciably dissociated or diluted by the salt
vapcer. In this case, however, n and 1r'would be evaluated at '1'1. At
the values of 'rl used io thias thesis, salt vapor pressures and chlorine
dissociation were negligible, thus, n was large and ' vas insigniiicantly
different from 1 making the chlorine pressure at the cold electrode

equal tec 77,

Combining the four preceding equations, we now have

'r

Wy = { Asar + 12 RT)la® - 1/2 BT m[(“‘l)ﬂ]
T (24)
+ (Q, - AH)

vhere AS is the short-hand notation for the entropy change of the half

]? 8“Scl- .

To clarify the significance of the term (Qe - Aﬂz), consider the

cell reaction, i.e. 1/2 S

system in figure 3 comprising the non-isothermal electrolyte. By the
first law,
qu- - Vcr. = AHCl- + le‘P + K.E. (25,

where QCI" is the net heat added during the passage of one equivalent

of chloride ions, wcl.,

change. The potential difference due to a thermostatic field 1s ¥ ,

is the work performed, and 4301_ is the enthalpy

N is Avagadro'’s number, e is the electronic charge and K.E. represents
kinetic energy effects. It is obvious from the description of the system
that no work crogses the bounderies. lLikewise, the averuge velociti of

the entering iomns is the same &8s that of those leaving, hence, K.E. is

zero. It is interesting to note tbat the potential energy term Ne Y

would be zero if the migrating ion carried no charge, making (q1 - AHi)
gero. On the other hand, vhen the species carries an electrical charge,

Q - AH does not necessarily vanish, and there may be & voltage contribution



due to the non-iscthermal transfer of charge through an elactrostatic
field. It should be observed that this contribution carnot, at the
present time,; be neasured in isolation.

In sccordence with past work in this area, equation (25) will be

rewritten as foilows:

T3 *
QCl- - AHC].‘ = NQ‘P = - Scl_ dT (?6)
1l
where S;é"l_ is the entropy of trensfer of chloride ion in the mclten elect-

rolyte. The quantity S*my be positive, negative or zero. (In section
III-F, two alternate approaches are discussed which attempt to interpret
the significance of the entropy of transfer,)

By an argumen’ similar tc thet used above, an equation analogous to (26)
can be written for the migration of an electron through the non-isothermel

graphite wires Jombining this with equation (26) yields
&
% %
Q2 - AHQ = A (80,8 - Sc1-) ar (27)
1

This equation substituted into (2h) gives the following useful expression

for the thermocell voltage:

T
3 .
E =3¥ [ f 4s° dr +1/2 RBlam - 1/2 RT m((E—-i-]ff)] (28)
™ 3okl
1
where AS° 18 equal to AS as defined in equation (24) plus the entropies

of transfer of equation (27), i.e.,

ge,g - gCZI.

as® = 1/2 Sgla +
The trensported entvopy 5, as mentioned before, is the sum (8 + S*). The
relationsbhip between reversibls work and voltage (W = u¥E) wvas also used
in the laat stap.

Ce is of Bquation (28

Bquation (28) will now be discussed term by term. As mentioned



above, the quantity under the integral sign is the standard state entropy
change (including entropies of transfer) for the half cell reaction written
for the direction in which it proceeds spontaneously at the hot electrode.
In sccordance with the second law of thermodynamics, it is always positve.
The second term is a& correction accounting for chlorine partial pressures
at the coléd electrode Aifferent from one atmosphere., The third term of
eyuation (28) shows the influence of chlorine partial pressures differing
from unity at the hot electrode. Dilution of the diatomic chlorine by
dissociation and by the presence of salt vapor is accounted for in *this
term. It should alsc be observed thet the third term i3 always larger
than the second under reduced presaure conditions. Thus, at pressures
less than ore atmosphere, the effect of terms two and three is to increase

the voltage. Note that eguation (28) simplifies to

3
xg}-f (4s® - 1/2 R 1n7r) @ (29)
I
1l
ir '1'3 is 80 low that chlorine disscciation and the vepor pressure of the

salt are insignificant both at the hot and the cold electrodes. The term
1/2 R 1n1r is, of course, the standard ideal-ges entropy correction re-
quired to adjust the chlorine entropy, 1/2 8812 to pressures different
from one atmosphere. At a chlorine pressure of one atmosphere, equation

(29) reduces to an expression of the form reported in the literature(26,24,22):

& - F s (/2 8] c1, * e,e " 8cy-) (30)

D. Formulaticn of a Generalized Exprsssion for Thermoceil Voltage

By & procedure amalogovs to that used in arriving at equation (28),

the generalized equatior. (31) can be derived:

R-«--[faﬂd!i-n'rlnl’! - Rt ln x.,] (31)

vhero A8° is %he¢ standard-state entropy change for any half c¢ell reaction



written as it occurs at the hot electrode, and KT]. and KT3 are the activity
retios for this reaction evuluated at Tl and '1‘3. For example, if the hot
electrode reaction is

Cl"™ == 1/2 Cl, + e~

then
(ocr, 1 22, ] 2
KTi legy-T

where the a's represent the actual activities of the respective species

at the electrcde temperature T,. Clearly, a.e and a.._ are both equal to

i Cl
unity and 9.01 is equal to the partial pressure of chlorine, With these

substitutions? equation (31) reduces to (28) as originally derived.
Observe also that the reaction involving the monotomic species occurs
in the chlorine system as shown below:

Cl” —=- Cl + e
It can be demonstrated by algebraic manipulation of thermodynamic identities
that equation (31) written for this half cell reaction 2lso reduces to
equation (28). Note that equation (31) is nnt limited to cells with gas
electrodes but applies in any case where the activities of the reacting
specles are known. For e:qa.mple , the activity ratic KT*. for a reeciion
involving pure -0lid electrodes is unity and the last two terms in equation (32)
vanish, Thus, the equation again reduces to the commc: y used form:

dE _ as®

T (33)

E. Discuscion of Jonic Entropies in Molten Salts
Notice that it is not possible to calculate & priori the voltage

to be expected from & given cell. Even though it is true that the last
two terms of equation (28) can be calculated from chlorine iissociation
constants and vapor pressure data reported in the litereture, the first

term involves quantities about which little 1s krown. As previously



mentione’, as® for the chlorine thermocelis is defined as

(922]]

o " D z
As” = 1/2 8 cl, ¥ Se,g c1-

whers the entropy of chlorine gas at one atmosphers Sgl is well known

and has obe=n tatvulated for a number of different temperitures(g). The
transported entropy of the electron in graphite can also be evaluated

{see Appendix, section C where it is estimated to be approximateiy 0.2 e.1.).
On the other hand, ths complicated jonic structure of the liquid electro-

iyte mekes the quantitative estimation of S _ difficult.

c1
As defined previously, 5., . is equal to the sum of the partial

Ci1- ~
moial entrcpy and the entropy of transfer neither of which can be calculated
with confidence. Recently, hovevar, Pitzer(24) proposed & method for the
calcuiaticn of the partisl molal entropy of ions in simple 1-1 molten
salts, His expression is based on the sssumption that the partition
functions for both the cations and the anions in a pure melt will be
approximately the same except for the mass contribution tc translational
entropy. This 13 expected to be true so long as the lons are not greatly
different in s.ze. Based on the mass correction term, 3/2 R 1n MQ/Ml’ he

propossd the following for the partial molal entropy of the positive ion

in a vure melt;

§M+ = 1/2(sMx + 3/2 R 1n MM/MX) (34)
vhere
§M+ = partial moiri entropy of the positive ion.

= entropy of the pure molten salt.

i

the gas con. tant.
= m.lecular weight of the positive ion.

*'!:g’I w§m

mo.ecular veight of the negative ion.
By diffvrence, the correspording expression for the anion entropy is

S¢= = 1/2(Sy + 3/2 R 1n M/M) (35)
Ejqustions (34) and (35), if valid at all, should hold true for at leest

dun AP tha sasd avatewma atndied hera: the votsssium chloride and sodium



o)

chloride systems where the cations and anions are nearly the same 1.+,

The partial molal entropi2s were calculated from equatisn (3%} for
chloride ions in the four pure melts studied. Tnese were compared with
the experimentally determined transported entropies for the same species.
This comparison and its significance are discussed in section VII.

F. Interpretation of the Entropy of Transfer

In the pasi, the comntribution to Tthe cell voltage from the migraticn
of charged particies through non-isothermal conductors has often been
treated by the methods of nrn-equilibrium thermodynamics(32,11,4a). For
example, following the treatment of Denbigh(&g), the aquations relating
the fluxes of heat and electricity to their driving forces can be written

as follows for ion transfer in & molten electrolyte:

Jy=Ly, X o4+ Liq xq (36)
T = Tar % * g %q (37)
where
J1 = net flow of electrical current tluroug.. the system.
Jq = net flow of heat through the system,
X1 = driving force for current flow.
Xq = driving force for heat flow.
Lii = coefficient relating current flux to current driving
force,.
qu = coefficient relating heat flux to heat driving force.
Liq = coefficient relating current flux to heat driving force.
Lqi = coefficient relating heat flux to current driving force.

It is to be noted that an equation similar to equation (36) appiies

for each migreting species in the electrolyte. But, the chloride ion is

rical ~utrality requires that there be no net transfer of the cation,
J1 applies to the transfer of current through the molten electrolyte &as

a result of chloride ion migretion only. Under these conditions, thre



[V,

forces can be defined es

X = - %g—g- (38)
df Fo.-

vhere Fm- 15 the partial molal free energy (chemical potential) cf the
chloride ion, 47/dy is the derivative of temperaturs with respect to the
direction of migration y, H is avagadrc’s mumber, e is the electronic
charge, and dql/dy is the derivative of electrical potential with respect
to y. (For further details, see Denbigh, page 61.)

8izce there is a temperature gradient in the electrolyte, the der-
ivative of chemical potential with respect to y can be rewritten as

shovn below 70r & pure molten salt at constant pressare:

af . - JF...

-G g )
This is changed further by the substitation of

Bpy- =iy~ - T8y (k1)

into equation (40) to yield the expression

af,

1 ar
T " g (h2)
Alsc, from (kl), it can be seen that
B.- H
c1 Be1-
- -1.— = §01. - T (h‘3)

Substitution of (43) and (42) into (39) glves for the diffusion driving

force:

X, = ggl' o %'2-) 'y

With the expressions (38) and (ki) defining the forces X, and xq,
equations (36) and (37) now become

L
g ” u(ﬁgl ¥ "‘%’) -y (k5)



J = .1(_£l° gg ne &Yy _gaar (46)

Now, it is convenient to define a quantity ch- called the erergy
of transport which is the total energy flow Jq divided by the ion diffusion

flux at verc temperature gradient, i.e,

J
= (2 .
QCl‘ - (J{ )x - 0 (h()
i q
With the proper substitutions from eguations (45) and (46) at aT/dy = O,

{47) becomes

i
Q. ye = ..3._ (1;8)
Cl Lii

Now, consider the cell which has a theimel gradient &s current
approaches zero. In this case, Ji becomes zero and equation (45) cen

be rearranged to give the following expression for the gradienf. of elect-

rical potential in the electrolyte:

ay HCl T ) & (49)
dy Ne TLii dy
Then, by using the Onsager reciprocal relationship Liq = IQL’ th2 energy
of transport can be substituted from {48) inmtc /49) to give
.. - Q-
av = B () ar (50)
whicn can be further sinplified to
aw = QCl ar (51)
P77 NeT
where QCl‘ is termed the heat of transport of the ion, Since the ratio
QCl°/T has the units of entropy, equation (51) is often written
sk
Cl~
av = --ﬁz-'d'l‘ (52)
where Sﬁl- is the entropy of transfer of the chloride ion.

Equation (52) is also that derived by Tyrrell(32) where 4V is in-
terpreted to be the contriution to the open-circuit thermocell potential
vhich results from the transfer of the ion through & thermal gradient. One



of the problems of this derivation is the absence of a physical meaning
for Sg'l_. Since this quantity does relate toc & real physical process,
it wvas felt that another approach might be more satisfying. For this
reason, the following derivation is proposed which relates the entropy
of transfer to the entropy of activation of the ion species. This derivation
uses & thermostatic approach and assumes thai the reversible heat effect in
this non-equilibrium system can be treated independantly of the irreversibdle
thermal conduction effect. This was the same approach used by Thomson
in kis analysis of the thermocouple. (For further discussion, see de Groot(ll),
chapter 8.)

Suppose as a model for the migration of charge w consider the trans-
fer of the chloride ion from one location in a pure melt to another location
vhich is higher in temparature by the differential amount dT. One possible

path, abe, is shown in figure b where the double-dagger superscript refers

( I i c to the ion in its act-
. (-
'c]\ I B (CIA Invar ivated state.
For step a, the heat
b a
effect for reversible
activation can be written
i a
(€17 )y (c17), as

Q= (8. -5 0 (5
Figure &, Diagram showing possible % C1 ca~r

ion migration path. A sixilar expression helds

for step c:
£Q, = (2 + 4@y -850, 4 (54)

Fimlly, for step b, the heat associated with the migration of the activ-

nted i'on through a thermal gradient can be written as shown in equation (75):

S
£Q = Cp o~ OF (55)

To evaluate the point function dH, the alternate path d can de



tsken:

- )
aty = cp,,Cl' aT (56)

and now, ali of these terms can be summed to give the expression:

$

5 & aH T (S S ( at)(s gt
B2y - dHy = ca- " Sgp-dp (T HAT)Sp. - S adpyar
t ) (57)
+ (e} g -0y )t

By recognizing that

'y -
(Scy- = Se1-)pear

+ (8

% ar
- - - D&
c1 c1-)r p,c1- "~ %10 7 (58)

equation {57) can Le further simplified to the following:

7 & aH (5
1 0Qy - diy = (S

- - Shy-) ar (59)
Note carefully that this result depends on the path chosen to evaluate
the heat terms. If the path d had beer chosen instead of &abc, then
4 Qy 1s equal to dH, and the left side of equation (59) is zero. It is
logical to suspect that the ion activation does not actually occur iso-
thermaliy, but in 8 thermal gradient so that the real path is somevhere
between the extremes of patk abc and that of d. In this case, the right
side of equation (57) must be multiplied by a factor (desiznated by 1)
vhich is less than unity. It seems reasonable that most of the ion uigration
will occur in the ac*ivated state and the actual path will be siaiiar to
path abc of figure 4 when the non-migrating ion is relatively large.
In this case, A will approach unity. On the other hand, if the neutral
ior is small; the path should more closely re~emble d in figure %, and X
vill be mors nearly equal to zero. At any rate, equation (59) can be
modified to equation (60) below by the inclusion of A a8 a multiplier:
&8 -2 = A(B,. -8,.)ar (60)
It is apparent that this equation repreuents the c~tribution to the
total work of the cell arising from migretion of the chloride ion through

the temperature difference dT. By comparison with the thermocell amalysis
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of Tyrrell (reference 32, page 60), it can be seen that the quantity

(£Q - dd) in equation (60) is the same as d4¥ in equation (52). Thus,

the right side of equation (60) cen be equated to the right side of equation
(52) to give the following expression relating the entropy of transfer to
the entropy of activation:

we $

Sgp- =M (8gy- = 8p-) (61)

vhere, as mentioned above, A can be any number dbetween one and zéro.



IV. APPARATUS

With the exception of the work of Poincare, all molten-salt thermocell
work known to this author has been done in U-type apparatus. Poincare (_2_2)
uwsed a saucer-like dish which was not amerable to careful temperature controul.
In the U-type apparatus, the temperature of each leg of the tube is control-
led separately either by submerging the whola apparatus in a high tempera-
ture btath and electrically heating one leg independently (28), by insulat-
ing and heating each leg independently (12, 26, 5), or by placing the cell in-
side a mffle furnace baving an impused temperature gradieat (22). Bocause
of the corrosive nature of the melts to be studied here and the desire to oper-
ate under reduced pressure, it was decided to design a different type of cell.
First; it had to be of simple geometric form in order to utilize some of the
refractory materials which cannot be easily or inexpensively formed into com-
plex shapes., Second, the salt container had to be removable from the
furnace 8o that container replacement would not be too difficult, and third,

the cell had to have two temperature zones capable of careful contvol.

A, The Cell

With these criteria in mind, the cell shown in figure 5 and described
in more detail in section A of the Appendix was conce:lved?." The outside
containing tuve, 2-1/4" O.D. x 2" I.D. and 24" long was closed at one end.
Inside this was another tube 1-1/8" 0.D. x 7/8 " I.D. x 24" long o;ien at
both ends, The smaller tute was secured with & combination "teflon" plug-
"viton" O-ring fitting so that it hung about two inches above the floor of
the larger tube. Electrodes, thermocouples, and vent tubes secured by the

same fitting were also placed in the cell. The unit vher asseabled was gas

#THotes In a conversation with R. 1. Bretz of Union Carbide Corporation,
the suthor was told that they bad used a similar design to study an
alkali chlorids eutectic thermocell. The conversation took plsce in.
April, 1963, Further details are unknown.
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tight and proved to be entirely satisfactory for cperat:on under moderate

vyacuum.
k- 2 Furnace
The ~4l:» ¢@ ] ... w.3 placed in an upright tube furnace wound with

Kanthal A-. ~zd-8funce heating wire. The furuace winding wvas done g0 as to
form two eores wihic'. could be heated independently. Thermocouples lccated
in each furnaice /«¢n& surplied the control input to two separnte Barber-
Colman irdicating controllers; vhich in turn regulated the silicon control
rectiriers supplying power to the furmace.

When the cell was placed in the furnace, the bottom of tne inmer tube
was opposite tne center of one furnace zone. A grephite electrode and a tﬁerm-
coaple were locsted inside the inner tube in contact with the molten salt at
this point. Similariy an electrode and thermocouple were placed in the anm-
lus between ¢he tubes a% an elevation approximately six inches higher, just
opposite the s:scond heating zone. Then, by varying the settings on the power
input controllers, it was 1o8sible to vary the individual temperatures of the
electrodes and thelir surroundings.

C. .3lectrodes

-

The alectrodas vere constructed of graphite rod (Fational Carbon grade

AGSX) and sheathed with O9mm "vycor" tubing so that only a small "button"

1/8" thick by 5/16" QsD. was exposed to the melt., Liquid was prevented from
rising in the anrulus between the electrode and its sheath by a downward flow
of chlorine through this space, The chlorine subsequehtly bubbled to the
surface and left the compariments via the vent system. The chlorine (Mathesen
99.5 per cent pure) coming directly from the cylinder through & reducing valve
passed through a glass Adrying coluzn packed with anhydrous magnesium perchior-
ate. It then separated into twc stveaws ani passed through teflon needle
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valves and flov meters to the electrodes.

D. Thermocouples

The thermoco:ples used were made from pure platinum and 90 per cent
platirum- 10 per cent rhodium wires, They were calibrated with a Nationel
Buresu of Standards calibrated thermocouple and were found to deviate less
than a degree from the standard tables.

E. Reduced Pressure System

%or nperation &t atmospheric pressure, the gas from the external
vent ayatem vas expelled at the hood outlet. For reduced pressure operation,
the exi: gmses were throttled through a teflon needie valve before passing
to the water aspiretor. With this setup, steady pressures of lees than 0.1
atmosphere were obtained.

F., Container Materials and Melt Purificatic.

Reporte of previcus investigators (17) indicuted severe corrosion cf
fused silica by the alkali chloride melts., It was thought that these salts
catalyzed the lcw temperature reversion of the thermodynamically unstable
glass state to the crystailine form of quartz (devitrification occurs natur-
ally at a measuranle rate in the absence of & catalyst at temperatures in ex-
cess of abouv 1200°C). With this informatfon i.. mind, the experimental unit
wes designed to accomodate a variety of different refractory tubes. At first,
the tubes used were of “"Mullite”, manufactured by McDanel Refractory Procelain
Conpany. They were satisfactory for about one week's operation, but for long-
or times the stress due to thermal gradients imposed by the two-zone furnace
caused leaksge in the outer tube. (This material was entirely satisfactory,
however, for the inside tube.) McDenel "Zirco", ZM30 tubes were also tried
with the same results.

In order to overcome the problem of thermal crecking, fused-silica
wai considered becauss of its exceedingly low éoorricient of thermal expan-



sivn. The results of other workers (.}_) using this material indicated < .at the
eoxzrosion problem may have resulted from impurities present. Water is es-
pecially troublesome, Not orly is it difficult to exciude moisture from these
salts, but upon melting, the corrosive hydroxyl ion is formed by the follow-
ing reaction between water and chloride icns

H)0 +Cl® ——s— OH" + HCL}

In this work, it was found that corrosion of silica was minimal if
‘he selt was pure. In fact, the silica container survived for more than
thirty days at a ti.e at temperatures up to 1300° ¢ and when examined showed
only minimal devitrification on the surface which contacted the melt. At
first, the purification method recommerded by Laitimen, Fc—guson, and Oster-
young (16) was tried, it the method proposed by Mericle and Bune (Z)) of
bubdbling chlorine through the fused salt was also found to be satisfactory
and was much essier, Even though Maricls and Hume did not predict good re-
sults with salts other than the lox melting lithium chloride-potassium chlor-
ide eutectic, it was found in the cuse of each salt studied here tuat tube
attack was negligible when chloiine was pecsed through the melt for i2 hours

at a temperature just slightly above i:e mcliting point.



V. OPERATING PROCEDURE

The following discussion explains the experimental procedure used
in these investigations., 1t was essentially the same for each of the four

melts sftudied.
A, Melt Preparation

The required amount (an emount equivalent to about 23 cu. in. of
fused salt) of reagent grade metal chloride was placed in the outer cell
tub~ and vacuum dried fbr several days to remove as much excess moisture s
possible., It was heated gradually to the melting point under vacuum over
the pericd of & day and was then melted, also under vacuum. Chlorine was
imeedistely admitted to the cell and bubbled through the molten salt for
12 hours. HNext, the inside tube, electrodes, thermocouples, and ‘rent
tubes were secured. Connections with the external vent systes were fastened
and the differencz in height between the melt in the inside of the smail tube
and thut in the anmulus was adjusted by the 001h level in th® extermal bubdler
(8ee section A-I of tbe Appendix). This completed the czll preparation.

B. Observation Methor.

To determine a single data point, the lov tzaperature contrl unit
was 3ot 80 as to maintain this zsone of the furnace at a temperature just a-
bove the melting point of the salt, and the teusperature of the other furnace
zone wes increased by steps of about 20°C. When the cell voltage became
I\M following each temperature change, the thermocouple e.m,f.'s and the
e.m.f. registercd between the electroies were recorded. Thermocouple e.m.f.'s
wvere read witi a Rubicon catalogue no. 2731 potentiometer to a precision of
1°C. The open-circuit cell voltage was read with a Sergeant Mode)l MR recorder
to a precision of 0.1 millivolts. The recorder was standardized periodically
and checked with the potentiometer. Open circuit cell voltages were plotted ver



the measured AT's ylelding a curve such as that showr in Figure 6. The
maximm AT obtainable by this cell was about 150 to 200°C beceuse of con-
duction of heat from the hot to the cold zone through the melt. In other
vords, with 8 AT of this magnitude, all of the power supplied to the furnsee
came through the high tempersture contr¢sl unit, and any further increase in
1his contiol tempersiure served only to reise both the hot and the cold elec«
trode temperatures without increasing AT appreciably. Therefore, afier the
firet string of runs were made to & AT of 150 to 2oo°c, the cold electrode
temperature was reised about 100°C, the hot electrode dropped to the same
temperature, and another string of runs mads by heating the hot electrecde in
20°C steps until AT vas again 150 to 200°C. By this method, A mumber of
curves similar to figure 6 were obtained, each corresponding to a different
cold jurction tempersture, tut "overlapping" by sbout 50°C.

C.__Reduced Pressure Runs

When measurements over the complete temperature range from just
above the welting point to about 1300°C were made at atmospheric pressure,
the procedure was repeated at voilous degrees of vacuum. Reduced pressure
wvas affected by expelling the chlorine from the gas exit system through a
water aspirator. Excellent pressure control was obtained by throttling the
electrode feel streams and the gas to the aspirator through teflon neelle
valves, For vacuum data, the cell pressure was initially reduced to a -5
inches of mercury and hald there for a series of runs covering the tempera-
ture range from the melting point up tu nearly 1300°C. Then the pressure
ves reduced to a =10 inches of mercury and the procedure repeated. This was
done in turn for pressures of =15, -20, -25, and in two sytems, -27 inches
of mercury. FPressures were determined to within + 0.1 inch of mercury by
& vecuur gage pleced in the vent line from the cold electrode. The gage was

caldbrated with'a mercury monomster. Vacuum reedings werc converted to abso-
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Figure 6. Plot of experirental voltage versus thermocoupls tesperatur

differsnce for the silver chloride-chlorine thermocell (cold
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Inte pressures by subtracting the vacuum reading from the prevailing atmospher-
ic pressure and then correcting for the small pressure diff'erence between the
hot and the cold ciauibcrs of the cell. Thase corrections wvere relatively small
except at the lowest pressures., At lovw pressures, the maximim celi temperature
wes less than 13oo°c oving to the softening of the quartz which occurs at
high temperatures.

D, Dilution of Chiorine Feed Gas

It was considered desirable to measure the effect of diluting the
cbhlorine feed to the electrodes with an inert gas. In this case, pure ar-
gon and chlorine were throttled through similar flow meters at variable
rates. After passing through the flow meters, the two gases entered a single
line, passed through a drying columm, entered the separate electrode feed
lines, passed through needie valves and then through {low meters to the
flattrides. Flovw rates in terzs of moles per minute of the pure gas vere
calculated from equaticns recommended by the meter manmufacturer. _

E. Cell Behavior

The voltage rerdings were generally steady to within + 0.1 milli-
volts when the gas feed rate to the electrode was heid in the range of 2
X 107\h gram moles/ min (a flowmeter reading of about 3 at atmospheric preazs-
ure), Higher flow rates terded to cause too much convective mixing at the
electrodes which produced e.m.f. fluctuations corresnonding to the tempera-
ture fluctuations of these disturbances. Otherwise, large casnges in flow
rate 414 not influence cell voltage. In general, the cell behavior was
excellent., Disturbances in cell voltage were usually tracceable to tewper-
ature fluctuations caused by high electrode-gas flow rates or by veat linve
restrictions resulting from condensed =elt “dust" carried out of the cell
by the gasr. When these flaws were corrected, the aystem became stable and

voltege fluactuations disappeared.



V1. RESWAS

A. Discuseivh ©f Paw_Date
The first step in treating the experimental :esults was to formulate

them in a series of gripns similar to figure 7 which shows raw data for
the silver chloride-chlorine cell at one atmosphere pressure. Here,

the measured voltage in millivoits is plotied versus the temperature dif-
ference between clectrodes indicsted by the thermocouples. Each curve
represents an experinental run duiing which the cold electrode was held
steady at a given temperature level whole the temperature of the hot elect-
rode was increased stepwise. For each cell system, this process was re-
peated at opne atmosphere pressure until adequate data were obtained
covering the {temperature span from just above the salt melting point to
13oo°c. Then, the cell pressure was reduced and the entire temperature
span explored &gain, This was repeated for a number of pressures from
one atmosphere tc less then a tenth of an atmosphere. The procedure was
the same for sach of the separate cells investigated except for the one
containing Jithium chloride which was studied at one atmosphere pressure
only.

Measurements of cell voltage were occasionally repeated under identical
conditirne to see if there was any drift of e.m.f, with time. Data taken
on occiusions differing by several weeks were in excellent agreement.
Electrodes were also chwéed from time to time with no noticeable effect
on ‘he results. The voltage versus AT curves were 8lso found to be the
ssae vhether the hot electrode tewperature was increased or decreased
10 long as the total mressure and the cold elsctrods tempersture remained
unchanged.

As shown in figure 7, each curve does not go through the crigin as
expected but shovs a residual voltage at zero AT. Sundbeim and Rosen-
streich(28) observed similar behavior in their cell. Several possible
reasons for this discrepancy exist, and they are discussed in datail in
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the Appendix, section IX-E, which deels with experimental eirors. On
the basis of strong evidence supplied there, it is concluded that the
residual did not vary with AT. Thus, it can be subtrected from each data
point thereby forcing ticeé curves on the raw data plots to pass through
the origin. With this correction, these curves can then be superimposed
by the method explained in subsection 3B below.

B, Formulatior of the Final Voltage Versus Temperature Grephs

It can be ssen from eguition (28) that E for & given cell system is
& single-valucd function of temperature and pressure once a reference
temperature has been selected. Thersfore, it was thought desirable to
formulate a chart for each cell system showing voltuge as & function
of these variables over the eni ire regions of temperature and pr-<sure
explored. However, since the largest AT obtainable in the expu..mental
cell vas less than 200°C, it was nexessary to combine the results from

‘many runs in order to obtain such a chart.

To 1llustrate, let us consider the silver chloride-chlorine thermocell.
The reference temperature chosen for this system was 5oo°c. The rev data
points for the run in which the eold electrod_c was at this temperature
were first cuo: rected for the residual voltage. ‘l'hey are represented by
the circles in figure 8. (Cell pressure vas one atmosphere,) Next, the
voltages observed with & cold electrode at 654°C and a cell pressure
of one atmnsphere were corrected for the residusl. These were then
added to the e.m.f. observed during the previous run which corresponded
to & hot electrode temperature of 654°C. Yot exanple, the voltage of the
cell was 95.9 mv when the hot electrode was.at 500°C and the cold elect~
rode wis at 654°C. The voltage of a hypothetical cell having & hot elect-
rode at 800°C and a refe.ence electrode at 500°C is therefore equal to
the sum of 95.9 mv and 103.0 mv (which corresponds to 654°C) or 198.9 mv.
This step was repeaied for svery point in each set of rew data to give
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the total voltage versus temperature curve shown in figure 9. The entire
cycle was repeated for each cell pressure, and these results are also
skown in figure 9. Similar curves describing the voltages of thermocells
containing other melts arc given &3 figures 10 (potassium chloride),
11 (sodium chloride) apnd 12 (lithium cbloride). These figures include
reduced pressure data for all systems except the lithium chloride-chlorine
cell which was studiisd &t cne atmosphere only.

The method of superimposing curves discussed above can be justified
by looking at equation (31). If we write for the voltage between electrodes

at T, and T,,

1 2
T,
- 1(as® ]
kL nztéfs 4 + RN Ky - R ls K ] (62)
and for 12_3 between T2 and '1‘3,
T
,-’:[f’zs%:r + RE,1n - BT In K, ] (63)
B2"3 n¥ re a x’a 3 KT3

then 21_3, the voltage for & reference electrode &t TI and & hot electrode

at !3, is clearly the sum
Bia=Bho tE; (64).

It is admitted thet the method of curve summation discussed in this
section may lead to an accumulation of small errors; but this disadvantage
is far outweighed by the convenience of a total voltage versus tempsrature
dlagres.

€. Calcuiation of the Resction mtro'gz;
-In order to evaluated the tusmsyomtied wntropies in the systems studied,

1t wao necessary to isolate the first term of equatisn (28), } [r 34 s%r,

b
1
This wvas done by caleulating the laet two terms of the equation and sub-

trecting them from the experimental voltage E. The ruultunt value, the
integrated renction entropy, is shown as 3 dotted line in figures 9
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through 12, The detailed celculation 15 discussed in vhe Appendix, section
IZ-B.
D, Dilucion of Electruvde Feed Gas

A few runs were made vith feed ges mixtur:s of chlorine anu argon.
These data were all taken with the silver chlnride melt at a tempernture
level vhere chlorine dissocietion and melt vipor pressure are nimnortant,
The results are summarized in Table III below.

Table III

Summary of Data Obtained with '4ixed Chlorine-Argon

Feed Gas and Moltien Silver Chloride Electrolyte

Average Tempersaiure: 7oo°c
Total Cell Preesure: 1 atm.

Flow Rates Partial Pressure Seebeck ’.:osrﬁcient
(millimoles/min) ot Chlorine (av/"C)

Chlorine  Argon (staospheres ) Experimental  Calculated
0-1*5 001& 00%2 0.&2 0.&8
0.087 0.168 0.3k 0.708 o.711
0.060 0.155 0.278 0.739 0.720
0.002 0.191 0.9010 0.795 0.885

The calculated Seebeck coefficients in thv: table were determined
from the differential of equstion {28) which is

(g (o] R
ar

dp = 5 (68 -Fanng ) (65)
vhere AS° was determired from the slope of the voltage versus temperature
curve for the thermocell at 7oo°c using pure chlorine at one atmosphere
pressure.

The Saebeck coefficiercs mesasured whils using a diluted chlorine feed
are in good agreement #with those calculated from equation (65) except for
the data at high dilution vhich were tsken with the chlorine flowv meter

¢ wretineg in a ‘uestionable calibmtion rangs. As expected. thev show
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that additior of a diluent has the same effect as & reduction in the
chlorine partial pressure brought about by another method, namely that

of lowering total pressure,
E. Operation Under Load

In designing a thermocell for energy conversion, it is necessary to
know the voliage not 7only at open circuit but aisc with current passing
through the cell. FEven though it was not intended to make a detailed
study of these voltage-curreunt characteristics, nsome preliminary data
were taken. They are shown in figure 15, vhere voitage is plotted versas
current for several cell pressures and at constant electrode temperatures.
The d:ta were obtained using the potassium chloride-chlorine thermocell at
an average temperature of 975°C. The results were normalized by the ad-
dition or subtraction of a corrzction texm to each data point in order to
give the same open-circuit voltage for each pressure condition (this
involved only a small correction since ali of the open-circuit voltages
differed by only a few millivolts from that shown).

The initial slope of the voltage versus current line of figure 13 is
resumably due to the electiricel resistance of the melt {the slope cor-
responds to a resistance of 1,3 ohms which is logical for the geometry
of the system). At higher currents, a change in the slope of the line
is evident, indicating & - Vwly increasing overpotential. Since this over-
voltage is .independert of cilorine partial pressureé for all but one run,
it appears to be an activation over-potential. At a chlorine pressure of
0.33 atmospheresz, the electrode suddenly becomes concentration controlled
indicating that polarization is due to a diffusion process. In all cases
except at the lowest chlorine pressure, the extent of pclarization is small
compazed to the ohmic losses. Based on the findings of Murgulescu, et. 81.(19),
who report no polarization at all for the chlorine discharge reaction in

t¥ 1ge svstem at current dsnsities of up to 2 amve/sa. cm., it appears
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that the polarization observed here occurs entirely at the low temperature
{reduction) electrode.

Since this part of the thesis investigation was exploratory, any
farther evaluation of electrode mechanisms is considered beyond the limits
of this stvdy.
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VII. DISCUSSIOR OF RESULTS
A._Comparison of Equation (28) with Experimental Data
It is not possibdle to predict the voltage of a proposed thermocell

froa equation (28) alone owing to the unknown magnitude of ite first
term J TBASO aT. As clted previously, aS° is defined by the fcllowing
oqun.ti%n

2% = 1/2 8812 + ge,g - 301"
The term 5O

Clp

one atmosphere reference state., JIts magnitude is tabulated in the liter-

is, of course, the entropy of diatomic chlorine at the

ature for the temperatures of interest(8). Tranaportcd entropies of the
electron are also avallable from literature data (see the Appendix, section
€¢). On the other hand, there is no accepted method for calculating 501-,
but this term can only be found from experimental thermocell measurements
themselves.

Bven though the magnitude of the entropy term is unknown, equation (28)
can be used to calculate the effects of total pressure, veapor pressure,
and dissociation on cell voltege. For example, it is possible with the aid
of availadble physical and thermodynamic data to celculate the last two
quantities in equation (28), and by subtracting these quantities from
the experimentally measured cell voltage, the entropy term can be de-
termined. Then, since f 3 48° AT 1s precumably uninflusnced by pressure
{oxcept vhan complex iond are preasent--gee subzection F), the same value
of the integruted entropy car be used agein axdi again to calculate voltages
which correspond to other cell pressures. That the voltages calculated
by this technique agree with those measured is shown in figures 1k through
16 vhere the points, taken directly from figures 9 through 11, rerresent
experimental data and the so0lid curves reprssent the csloulated values.
A detalled discussion of the calewlation ie given in tae Appendix, section
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First, the last two terms of equution {28) were evaluated at &
selected cell pressure and at each of seversl hot electrode temperatures
from vapor pressure and dissocistion data availeble in the literature(l,4,8,27).
Second, these calculated quantities were subtrected from the corresponding
axrerimental voltages, yielding f AS 4T at several different temperatures
(shown by the dotted lines in the "isures) Ther, voltages at different
cell pressures and temperaturss were caleulsted directly from equation (28)
using the known value of f3A s° 4T, As mertioned above, these calculated
results are compared with experimental dsta in figures 1k through 16 (there
wag no such comperison for the lithium chloride-chlorine system since
d=ia were available at only one pressure in this case). Inspoction shows
that the theoretical curves are in excellert agreemsnt with the experimental
points. In fmct, any devistions of the points from the curvec are tho.ght
to be withir uxperiwmental error. (Note that discrepancies at very low
cell pressures can be attributed to slight uncertainties in the pressure
measursmenis. Drifting of the points from the curves at high temperatures
is probably due to smll errors accumlating quring the synthesis of the
experimestal curves from rav data.)

B. Consideration of Ionic Entropies in Molten Saits

As discussed earlier, the transported e+tropy 501- is the sum of two

tarms, the partinl molal entropy S.,. and the entropy of trensfer Slg‘.t,.

c1-
Neithar of these gquantities can be calculated with coxfidence. Receutly,
Pitzer(2k) proposed a quasi-theoretical equation fyom which 5 in simple
1-] molten salts can presumably be calculated. So far, however, no ex-
per:mental technique has been founi for obtaining S as an isolated quant=
ity. Heuce, Pitzer's equation cannot be confirmed by experiment,

Even thoagh AS°, due to the uncertianty in S c1" cannot be cale-

ulated directly, it is interesting tu compare an estimated aAs® ‘with
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+hat measured experimentally. For this purpcse, table IV was prepared.
In the table, AS® which vas taken from the slopes of the dotted curves
in figaress 9 through 12 is compared with AS', the celculsted entropy
change. The procedure for determining AS' (described in detail in
the Appendix, section C) was as follows:

The partial molal entropy of the ion was calzulated from Pitzer's
equation (see equation (35), section III) using the data of Kelly(15)
for the entropy of the pure molten salt. The entropy of chlorine at one
atmosphere pressure was taken from Evens, et. al.(8), and the transported
entrrpy of the electron in graphite was estimated from the wurk of Temkin
and Khoroshin as reported by Tyrrell(32). AS' thus determined is the
entropy ¢f chlorine gas pilus that of the electron minmus the partial
molal entropy of the chloride ion and doee nct inciude iz entropy of
transfar of the chloride ion S ¥

ci=*

Sé‘;_ is equal to the differerce between AS' and 28°, A1l of these guant-

Therefore, the estimated value ¢f

2ties; As”’, AS' and Sg;_ are tabulated in table IV,

Otserve that the resultant values of Sg;__ for the chioride ions in

the alkali chlorides are almost zero while the same quantity in silver
chloride is argroximately -3.7 e.u. (The last figure comares with
=3.it e.u, 85 osctlmated by Senderoff and Bretz(26) by this technique
ani fcr the same cye=lem.) All of these values appear to support the

Lypothesis expressed in equation (61) that the abtsolute value of the entropy

of transfer should be less than the entropy of activation*, it apyears,

¥ote: Activation entropies cetimated from conductivity measurements by
Van Artsdalen and Yaffe(3h,25) are about -6 to =7 e.u, for the alksld
chlorides, Senderoff aond Hretz estimated a value nearzy unity for
silver chloride. Note, however, that activetion untropies calculated
from conductivity measurements are not strictly applicable since con-
duction in the latter measurements is by both ion species rather tuan

Just the chloride ion as is the case with the molten salt thermocell.
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Table IV

Comparative Tabulation of 4S', 45°and s”
for the Chlorine Half Cell Reaction

(For a more complete tavulation of
intermediate quantities, see table
VIII in sestion C of the Appendix.)

Temperature

527°C
627
727

NaCl

KCl

9271°%c
1027

AS'

11.95
11.53
11.15
10.78
10.50
10.25
10,00
10,57
1C.29
10,04

9.80

12,15

o
AS

15.6
15.46
1%.78
11.08
10.83
10,50
9.58
10.96
10.83
10.C3
9.70
12.58

c1-

-3.65
-3.93
-3.63
-0.30
-0.33
«0.25
0.k2
©0.39
-0.54
0.01
0.10

’C"h3
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at first, that the absolute magnitude of the entropy of trensfer is smll
for thermocell sysiems wvhere the moving ion is larger than or of approxi-
mtely the same size as the "stationary” ion; ‘the alkali chlorides for
example. Yt might arpear, in addition, that i he entropy of transfer is
more nearly equal to the activation entropy vhen the stationary icn is
large; take for example the migrating chloiide ion in molten silver
cbioride. In this latter case, it caa be urgued that the moving ion is

in the activated state during the major pert of eeach migration jump,
similar to path abc of figure 4. Hence, there is a large entropy cf trans-
fer. Bul, wvhen the stationary ion is relsatively small, it can be reasoned
that only a small amount ol the total migration process occurs with the
ion in the activated state, and the path is similar +to path 4 in figure k4.
Consequently, the heat absorbed by the migrating ion is nearly equal to
its enthalpy change and the difference, vhich is related to “he entropy
of transfer is smmll (see equation (26)).

On the other hand, it could be argued that Pitzer's equation, equation (35),
does not hold for molten silver chloride vwhere the difference in ion eigzes
is extremes and vhere other forces rot included by Pitzer may be signigicant.
It is helpful in this connection to cite some past wurk which was done
using siiver electrodes in molten silver chloride(26)aud copper electrodes
in molten cuperous chloride(22). Using Pitzer's equation t> ¢ lculate
the partial molal entropies of the silver and copper ionsg, it is found
from the data cited that the -esulting entropy of transfer for silver
ion is 3.4 a.u. and that for cuperous ion, 3.6 e.u. Obviously, these
values are both relatively large, and further, both ere for systems where
the migrating ion is considerably larger than the stationary ion. Hence,
these results do not agree with tae supposed variance of S'¥ with the size
of the stationmary ion ¢s discussed previously. On the other hand, if a
correction of 3.4 e.n. 15 added to the vertial molal entrovv of silver ion
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as calculated from Pitzer's equation, the resulting entropy of “ransfer
of this ion is zero. Then, & consequent correction of the same magnitudse
but of opposite sign applied to the partial molal erntropy of chloride ion
in silver chloride changes the entropy of trensfer of this ioan from -3.7 e¢.u.
to -0.3 e.u, This value is similar to those found for the three vlkali
chlorides,

C. Qualitative Discussion of the Experimental Data

A close ioor at figures 9 through 12 reveals two effects which have
not been mentioned in the work of previocus investigators. Thease are
first, s noticeable increase in the slcpes of nll of the constant pres-
sure curves at high temperatures and second, a slightly decreasing slope
vith temperature at the low temperature ends of the isobaric curves., Tha
latter effect is particularly noticeabla for the silver chloride-chlorine
cell (voltages shown in figure 9) at low temperature conditions and also
for the dotted lines in figures 9 through 12 which represent the integrat-

T
ed entropy term f 3.&80 aT of equation (28).

I,

The rirst effect, the increasing slope or Seebeck coefficient at
high temperatures and low pressures can b2 attributed to the inflvence of
high molten salt vapor pressures and chlorine dissociatiocn whica cccur at
these conditionz. These factors were considered in the derimetisn of equation
(28) and the quaatitative agreement of the experimental resulits vith this
equetion is discussed in section A. Previous investigators using gas
electrodes worked at temperatures and pressures correspondiug %o the
lower part of figure 9 where curvature due to dilution of chlorine is not
apparent. (Of course, for systems involving solid electrode reactants,
vapor pressura has no influence on cell voltage and no dissociation of
reaction partners occurs to affect the voliage.) This explains why the

vhenomenon observed here at high temperatures and low pressures was not
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reported previously.

The second effect, a decreasing Seebeck coefficient with temperature
sgpecially icticeable in the lower portion of figure 9 and also suen
in the dotted lines of figures 9 through 12, is experirentsl evidence that
A8° varies significantly with tempereture.

It is well known from basic thermodynamics thet the reaction entropy
change at a giveu temperature As; is equal to that at a reference temp-
erature As; plus the expression

v o
| 4% a (66)

%o

vhere AC > 18 the change in the specific heat (products minus reactants)

for the reaction defining AS°. For the cell of interest here, Acp is

ac, = 3/2 cP)C]'e * Cp,ee  “p,01- (67)

assuming that (ds’gl_/dt) and /as® d/d.'f) are negligible or zaro.
) o e, r
Since the specific hests of chlorine and the electron are aveilsble
from standard references, Acp can be calcalated if the specific heat of
chlorids ion is known. The latter quantity can be estimated by combining
the definition of specific heet:
- = as 68
C,,c1- = MdSg /e, (68)

with Pitzer's expression, equation (35), for the partial molal entropy
of the chlorids ion. The resulting value is given below as equation {69),

T(d8,,.,/aT)
Cp,01- ™ ";%1"—5‘—2 =120y (69)

Fow, as an example, consider the silver chloride-chlorine system.
At 1000°C, the specific heat of silver chloride is 16,0(6), that of
chlorine is 9.0(23), aod that of ths electron id graphite is approximately
0.2%, Therefors, ve obtain for AC_ the value of -3.3 e.u. calculated

P

¥Fote: This value was approzimated frow comparaila vaiues for the electron
in platimm and in copper astirmined from equations on page Tl of Tyrrell(:
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as follows:

0 6.0
20, =% 402 -2 - 33

As shown sbove, AC 18 equal to (dASo/d.T)p, and from equation (28),
AC, 18 further equal to (dan/cnz)IJ or is the second derivative of the
voltage versus tempersture curve., Cbviously, it is difficult to obtain
the second dariwvative with precision from the experimenitel curves,
Nevertheless, the approximate experimental value of ~3.0 & 0.5 e.u.
obtained from the silver chlorids-chlorine results at 1000°C is in agree-
ment with the value -3.3 @.u. calculated above. Similar agreement was
found for the other three molten-salt systems.

D, Comparison with the Work of Other Investigators

Prior to this work, Senderoff and Bretz(26) studied the silver
chloride-chlorine thermocell at temperatures ranging from 475 to 900°C.
Their work was the first repcrted for molten-salt thermocells using the
chlorine electroie, and this author derived many helpful ideas there-
from.

In their published results. they plotted E versus 4T at various
base temperatures and noted no significant change in the slope with
temperature. Since their data points were not given except in a small
graph, it is difficult to check the¢ resulis closely. However, it appears
that the liwits of rrecision in their cell may have prevented them from
obsarving the trend of AS° with tsmpersture discussed above. At any rate,
thay wvere able to druv a straight line through their points with & slope
of 0.66k * 0.020 mv/%°¢. In comparison, the Seebeck cocfficient at one
atmosphers pressure measured in this study vas found to vary with temp-
erature (see figure 9) from 0.685 ==/°¢ at 500°C to 0.625 mv/°C =t 900%
yielding an aversge value of 0.655 mv/°C in good agreerent with the result
of Sendsroff and Bretz. Of acurse, at the maximm tespersture of 900°C
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achieved in their work, dilution of chlorine by salt vapor and dissociated
gas was not suflicleat to affect cell voltage. Such effects were not ob-
serve. in our study of the same system until a temperature of 1000°C

had been reached.

During the pest yeer, Detig and Archer(5) reported Seebeck coefficients
for two of the thermocells studied here; sadium chloride-chlorine and
potasegiuz chloride-chlorine. They measured E for a constant AT of
shout 25°C st various tempersture levels. Their measursd Seebeck coef-
ficients (0.55 mv/°C for the sodium chloride-chiorine cell and 0.30 mv/°c
fouir the potaesium chloride-chlorine cell) agrze somevhat with the valwes of
aba't 0.475 for both cells as found here. Hovever, they estimcte & mandom
error f up to 8 per cent, and if there were any residual voltages in their
cell, a consistent error is introduced which cannot be detected from their
data., They mention the variation of vcltage with the dilution of chlorine
in their cell but are ungble to explain the phenomenon. They also use a
questiomabie equation for the Seebeck coefficient vhich is tased on
trensference mmbers. On the dbasis of these facts, the validity of their
results is questioned.

So far as the suthor knows, no otber work has been dove for the specific
systems studied here.

E. The Molten-Salt Thermocell for Energy C-.version
1. A cations |

There & mumber of factors influencing the possible application of
fused-salt thermocelis w ther=selectric energy conversior. Not only
mst the thearetical efficiency be rsasomably high, but radiative mnd
convective heat trexsfer must be avoided. To preveni the latter, the cell
should not be subject to vibration or other disturbancee. These consider-
ations, pins ths additiona. compiications of auriliary equipmant necessary

for control of intermal gas pressure suggest that any practieal use of
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thermocells is limited to liarge power installation. On the other hand,
these cells have the positive advantage of functioning with no moving
parts which permits operation at higher temperatures than would be pos-
sible otherwise.

A possible thermocell design for energy ccnversion is shown in
figure 17 where only & single unit is shown. To minimize readiation from
the hot to the cold end of the cell and also, to minimize convection,
the electrolyte is contained in a matrix such as a porous insoluble
refractory. Alternatively, the electrolyte could be mixed with a re-
fractory powder to make a paste. To reduce radial heat losses, it would
be necessary tc place a mumber of the cell units together in & bank as
1llustrated in figure 18, The ;:onfigmtion and number of cells shown
18 arbitrary and is given only for purposes of illustration.) Additional
electrical energy could be exiracted by conventional low-temperature
converters from the hent given off at the exterior of the bank,

The actual efficiency of & molten-salt thermocell of this design
in such a power generating bank would closely approach that derived fur a
cell having no internal convection or radiation and no extransous heat
losses.

2, Ideal Cell Efficiency

The calculation of an idesal efficlemcy for the type of thermocell
investignted hore is complicated by two factors. First, the asaumption
of a constant Seebeck coefficient uvsed in the derivaition of the efficiency
exyression, equation (3), 1s not valid, Second, st high temperatures,
nalt veporization absorbs large gamntities of bheac which is subsequently
transferred irreversibly to the cold junction., These complications make
tho task of deriving a simple exact equation for the efficiency of such
a cell formidable, However, it is pousibls to introduce some reasonable
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individual cell units a
Q 11lustrated in fgure 17
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Fgure 18, Suple cell arrangement for the first stage of am
engrgy comversioa system.
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simplifications, permitting overall cell efficiency to be estimated.

In the first nlace, the thermoelectric effect in the sclid conductor
connecting the electrodes is negligibvle in comparison to that of the elect-
rolyte. Likewise, the ratio of thermal to electrical conductivity for the
solid is less than five per cent of that same ratio for the melt. Thus,
the erfect of heat degradation by conduction ani ohmic lcss can be closely

[ R _—- 3
Byseem CGusa

approximated by considering the meit alone. (Of course, th

)
+
)
)

e complicated by the addition of a second tharmocell in vhich the charge
flows in the opposite directior from that comsidered, thus replacing the
80114 conductor, but for purposes of simplification, this will not bve
congldered further.) It is assumed, in addition, that optinum efficiencies
for thermocells, as is the case for other thermoelectric devices, are
obtained when the external load has a resistance approximately equal to
the cell lnternal resistance, i.e. the cell output voltage is one half

of the theoretical. (It is impiied here that the interral cell impedsnce
is meinly from the =leciriril resistance of the electrolyt= rather than
electrode polarization; see section VI-E.)

Based on the sbove simplifications, effi:iencies have been estimated
for cells opersting at assigned electrode temperatures. These calculations
are discussed in the Apperdix, section D. Final results are listed in
tabls V.

In general, it cen be seen from the results that the efficiencies in-
crease with an increase in the hot-electrode temparature as a consequence
of the higher Carmot efficiency. They also increase with a reduction in
total pressure due to the pressure effeci on cell voltage., Noie, however,
for the silver chloride syrtem that the trend reverses at a temperature of
1300°C and 0..0 atmoopheres pressure. This behavior 1s characteristic of

all molten-salt systems end results from the substantial gquantitr of salit
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Teble V

Estimated Efficienclies for Several Thermocells

at Various Temperatures and Pressures

— et wwr e cwm eem e e mm em ee M e s wma - -

Pressure o Temperature o
900°C 1000°C 1100°C
1.000 atm 2.2 per cent 3.2 per cent 3.6 per cent
0.621 2.4 3.3 3.8
0.290 2-7 308 h125 _h
(2.8 x 10 )
0.120 2.9 05 )
(2.7x 10" Ma)  (3.3x107) B
1300°C 1527°¢
1 .OOO h.l ?-7
0.70 1.3
0.40 4.5 (2.6 % 10'“)
0.20 .3
Boron Oxide-Oxyeer Thermocell (base temp. 527°C)
1800°%
1.00 3.7
¢.50 3.9
0.20 §.25 {1.46 x 10’2*)
iihium Fluoride-Fluorine Thermocell (base temp. 877°C)
1423°%
1.00 0.5
0.50 11.4 (1.86 x 1073)
0.20 8.5

(a)

The number in parenthesis indicates the figure of merit of & solid-state

thermoelectric generator having the sane efficlency.
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vaporized at the hot el.ctrode with 1ts consequent degradation of heas.
Noie that high vapor pressure of itselfl is not a serious limitation, but
rather, high vapor pressure coupled with the extremely high heats of vapor-
ization characteristic of molten salis (about 45 to 50 Keal/gmole). At
higher temperatuzes, the revemal becomes more prorounced, yielding agtin
for the silver chloride syster an efficiency of only 2.7 par cent at one
atmosphers pressure and a temperature of 1527°c ; 20°C below the boiling
point. Thus, it appears that the highest efficiency obteinable for this
thermocell is in the vicinity of 5 per cent and occurs with a hot-elect-
rode tempersture of about 1300°C and a total cell pressuxe of about 0.4
atmospheres. BPecause of their higher vapor pressures &nd lower Seebeck
coefficients, the other cells studied experimentally {lithium chloride-~
c¢hlorine, sodium chloride-chlorine and potassium chloride-chlorine) have
even lower efficilencies and operating temperatures,

In an effort to explore the faasitility of other systems, efficiencies
were estimated for two hypothetical cells by assuming Pitzar's eguation to
bold and by assuming the entropies of transfer to be zero. The results
of these calsulatiors are shown also in table V. The boron axids-cxygen
tharmocell was congidered becsuse of the span and absoiute tempsrature of
its operating regism. But, its efficiency 1e low, owing to a decrease in
the mmber of moles of gas reacted per electron transferred. On the
other hand, the lithium fhuoride-fhxrine cell appears to have possibls
efficiencies higher than 10 per cent, an increase due mainly to a high
electrical conductivity. 9f course, the main gractical limitation on
this esyrtem is the corroeivencs:s of +‘he electrolytes.

he feasibility of the2 molten-sslt thermocell as an electrical
generator is determiued by the proposed sapplication. The calculations
mentioned above show that effic’ency is dsfinitely a limitation unlsss
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there exists a perticular applicatlior vhere a thermocell could feasibly
extract energy, as a topping device, frow high temperafure heat and
8till exhaust this heet at the maxiinm tempersture tolerated by convent-
ional enérgy conversion systems., Tentatively, it appears that even in
this application the cells studied experimentally in this work are limited
by high vepor vressures to a relatively low efficiency range. One factor
nignly favoring thsrmocell systems, however, ..o tht absencs of =cving paris,
8 definite ndvantage at high temperatures. Ancther asset in ccmpariscn
with solid-state couples is the absence of detericrution and aging at
high tesperatures. On the other band, the thermocell system which appears
to have most promise, the lithium fluoride-flucrine cell, is severely
hampered by the lack of materials of comstruction suitable to contaia the
melt.

F._Discussion of the Complex C1. Ion

3
" In the darivetica of egiation (28], it wes assumed that the active

ion 18 C17, the monatcmire chloride ion. It has been sucgested to the

author that the complex ion C1_ may also be present. However, the data

3
ehow no evidence of this lon being present in appreciable concentrations.
T™he lov temperature date for the silver chloride-chlorine cell are very
helpful in demonstrating thin siuce dissociation and vapor pressure

effecte are mgligible for thic system up to 1000°C. Por these conditions,

equation (28) simplifies to

by
3
B ‘y}" [ J s + g- (T) - 2,1n01] (70)

if 015 were an active species, the entropy change of equation (70)

would invelve that of the reaction
crj‘ — 32 Cl, +e" (L)

vhich is the sum of the reastion
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cl- —> 1/2 Cl, +e” (72)

and the reacticn

01 ———C1" +Cl, (737

Since the entropy change for reaction (72) ir undoubtedly positive, that
for reaction (71) will be greater than that for (72). Howewer, the con-
centration of 0'1,; iz pressure seasitive, end if reaction (1) occurred

to an apprecisble extent, its influence would change with pressure causing
a Gecrease in AS® with reduced pressure. In other words, the first term
of equation (70) would be pressure sensitive, Assuming & AS® for resetion
{73) of about 30 e.u., it is estimated from the axperimental results that,
1f present at all, the c1§ concentration in the four melts studied does

not exceed one mole per cent.
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VIII. CONCLUSIONS AND RECOMMENDATIONS

A, ﬁonclueions_

1. Equation (20) accurately describes the contributions of totel pressure,
salt sapor pressure and dissociation to cell voltege for the four thermo-
cells stud.ed. There is no reasun to doubt that equaticns similar to (28)

will apply to other thermocells not included in this study.

2. Due to increasing Seebeck ccefficients, thermocell efficiencies were
found to improve with decrsasing pressure until the total pressure ap=-
proached the salt vavor pressure. At this point, erfficiencies became
less with decreasing pressure due to the increasing importance of the

irreversible heat required to vaporize in. selt

3+ The maxiimm estimated overall efficiency of any of the systems studied
was 4.5 per cent. This is thaet of the silver chloride-chlorine thermocell
&t a cold electrode temperaturs of 500°C, a hot electrode temperature of
1300°c, and a total pressure of O.4t atmospheres. 0f all conceivable
molten-salt thermocelis, the lithium fluoride-fluorine cell appears to huve
highest efficiencies, The maximum estimated for thics system is 1l.4 per

cent.

h. Actual transported entropies were found to be nearly equal to the
partial molal enicoples calculated from Pitzer's equation for the chloride
ions in molten lithium chloride, sodium chloride, ard potassium chloride.
In the silver chlcride meit, the transported entropy of chloride ion was
found to be less by 3.7 e.u. than the partial molal entropy riualarly
calculated., Iue to the unknown magnitude of the entropy of transfer,

it is not possible to comment on the validity of Pitier's equation,

5. The standard half cell resction entropy 58°mro\mdtovarywith

temperature for all systems. The variation corresponded to a Acp for
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the half cell reaction of approximately =3.0 e.u.

6. Reducirng the chlorine partial pressure by the addition of an inert
gas proved to have the same quantitative effect as reducing the total pressur

when operating with pure chlorine,

7. It 1ls estimated from experimental data that the tri-chloride ion 01;
does not exist in any of the melts studied in concentrations greater than

one mole per cent.

B. Recommendations

1. Fused salt thermal conductivities are uncertain. Hence, caiculated
cell efficiencies are only approximate. It is recommended that an ex-

perimental program be instituted for the measurement of this property.

2., If, on the basis of present information, the thermocell appears
feasible for energy conversion, studies of actual efficiency shoaiild

be carried out on a small scale using a calorimetric technique.

3. In the event that suitable container materials become availanhle,

the lithium flucride-fluorine thermocell should be studied experimentally.



IX. APPENDIX

A. Apparatus

l. Cell Configuration

A scale drawing of the cell end sarrounding furnece <« shrun in figure 5,
section IV. The outer cell container consisted of a 2-1/L" 0.D.% 2" I.D.
refractory tube 24 inches long and closed at one end. (Fused silica tubes
favricated by Syncor Products Co., Malden, Massachusetts were used for most
of the investigations.) Suspended inside was another 1-1/6" 0.D. x 7/8" I.D.
open-end tube also 24" long. These tubes were secured &+ the top by a
"teflon" plug="viton" "O"-ring fitting vhich held the smaller tube about
2 inches sbove the floor of the large tube, The melt level in the inside
tube vas depressed with respect to that at the anmlus by means of @ var-
iable hydrostatic head in the external vent system (see figure 22). The
lowv temperature electrode was placed about 1 inch above the bottom of the
inside tube, and it was submexrged to a depth of about 1 to 2 inchee in the
melt. The high temperature eleciro” . was placed in the anmulus at an
elevation of ubout 5 or 6 inches above the low temperature electrode, and
it was also suspended about 1 to 2 inches below the melt surface. Thermo-
couples made of platinum versus 90 per cent platimum-10 per cent rhodium
wire, 0.020 inches in diameter, ceramically insulsted, and protected Yy
6 mm vycor tubes, were placed adjacent to each electrode.

2., Description of Vacuum Seal Comprssiom Fitting

One of the major difficulties encountered in cell construction was
the design of a fitting to s2sal the refractory tubes, the electrodes,
thermocouples, and vent tubes so that the unit was gas tight under moderate
vacuum. Since the sesal was only about 7 inches out of the furnace, it
was necessary that it also be resistant to modsrately high texperature.

The recultant design is that ahown in figures 19 and 20. It consisted of
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Figure 19, Detailed drawing of cell vacuum seal unit (actual size).
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a teflon plug sgainst which vitc~ O-rings wers compressed bty metw). fittings.
As shown in fisure 19, the plug was sacured to the cutside of the large

tube by a 2-1/4" O-ring. This was compre-.<d by an iron ring which screw-
ed onto the iron sleeve a2nclosing the teflon plug. With this arrangement
aleo, the bress base plate vas L2ld in plaea. The iron fittings were tight -
ened by spanner wrenches desligned to flt Loles drllled around the circum-
ference of the gleeve aua tht: compression ring. The small refractory tube
and the electrodes and thermocouples extending into the cell anmilus were
sealed by viton O-rings seating against the teflorn plug. These O-rings were
compressed by brass rings threaded so as tc screw into the bese plate,

They were tightened by special wrences custom made to fit into the com-
pression ring grooves. The low temperature electrode and thermocouwple were
held inside the small refractory tube by another teflon plug and O-ring
combiration., This is shown in figure 20.

Tension rods acvtached to the base plate were passed throagh a smll
brass compression plate. The rods were threaded at the top so that the
plate could be tightened down against the top of the 1-1/8 inch tube.

The figure shows how a seal was made on the electrode, thermocouple, and
vent tube when this plate compressed various O-rings between itself and a
soall teflon plug. This same pressure seeled the plug to the refrectory tube
through another O-ring.

The fitting thus constructed performed perfectly, and there was no
noticeable leakage at pressures down to a centimeter of mercury. Such a
configuration also mede it possible s change electrodes in mimtes.

3. Furpace Detalls ‘aee figure 22

The furnace shell consisted of a 7" I.D. "treansite” tube, 20" long
with & 5/16" wall. Ciroular transite plates of slightly larger diameter
we:,e clamped a both ends of the furnace by irore reds. The top plete had a
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bhole in the cemter large enough to admit the cell. The furnace tube was
. made from two Horton No. 17488 refractory furmace corgs stecked one on
top of the other amn.. clamped betweeon tha furnace end plates. Befqm
insertion, the composite core was firmly clamped and wrapped with Ka~thal
A-l resistance beating wire, The wire, 0.072" 0.D. and 0,169 ohms per foot,
wag re-coiled by winding tightly on a 1-5/8" 0.D. pipe rotated in {the
lathe. Thus prepared, the wire could be slipped into grooves on the ocut-
side of the core. The wires were tied off at each ernd of the core in such
a way that double Kanthel leads extended outwerd &t each end and in the center
for connection to the power input tamimls{ The center lead acted as the
common ground for botn powsr rources, and it was made by taking & loop in
the wire and twieting it before winding. When wound, the loop extended
outwerd to be used as a terminal connection. Wound in this manner, the
center furnace colls were not iaturrupted by tie-uff knnts.

After wrapping, the composite core was sscured with a special clamp
to the base plate of the furnace and sufficient Alundum RA 1162 csweut
applied to completely cover the heating coils. This was permitted 4o dry
overnight., Because of the low strength oi “he uncured cement, it was neces-
sary o0 exercise care in placing the furnace shell and top piate irtc
position. However, once the nuts were tightened on the furnace rods, the
coxe was held securely under cospression between the furnsce end plates.

The Kanthal leads were connscied to the terminals in the shell during
ossenbly before the top plate was installed. Two holes were made in the
+op plate above ths anmulus between the furmece shell and the core through
vhich Alundum type B 163 bubble insulation was added, This made a compact
two-zone tube furnsce, aid the cell unit coculd be lowered into or removed
from the furnace withouv distwrbing it in any way. Two contrel thermocouples
of platimm versus 90 per cent platimum-10 per cent rhodium wire, 0,020



inchee in dlemeter, extendsd into the furnace from the bottcom; one extend-
ing to a8 positior cpposite the high temperature windings and the other
opposite the low temperature windicgs. With the cell in position, the con-
trol toermocouples were situsied in the annulus Letween the ouiside o the
cell container and the inside of the furnace core. Before lowering the cell
into position, a three inch base of vubble insulation was placed in the
bottom of Lhe furnace. The large cutside cell tube then extendz=d peven
inches above the top of the furnsce. The furnsce was supported on metal
legs about four inches above the Lxboratory vench,adjacent to the hood.
Four gas lines extended to the cell from the hood to supply the el=2ctrodes
and o vent toe two cell compartments. Electrical pover was supplied from
two controllers (Zarber-Colman No. 407 P Capacitrol-Siiicon Control Reet-
ifier corbination) mounted on a laboratory cart and connected by flexible
cablie to the furnace terminals. The thermocouples were connected to the
controliers by &bout eight feet of compenssting wire.

4. Auxdil-«-y Gas-Feed ard Vent System

The pusrpvse of this system was first to supply a pure stream of chiorine
Yo the e¢lectrode at a controlled rate and second to maintain & steady
hydrostatvic head difference in the vent lin2s to regulate the relative
liguid heights in the cell compartments.

The gaa feed system was designed to accomcdrs te either pure chlorins
or pure argon by tke turn of a stopcock (see figure 22). The gases (Matheson
chlorin~e and Matheson lamp grade argon) passed from the cylinders through
pressure reaucing valves to dryirg columns {1 cm I.D. X 24" long) packed
with anhydrous megnesium perchio.«te ("Anhydrone").

The electrode feed gas (etther chlorine or argo.) then passed thrcugh a
stopcock to the teed _ine. Two gas streams were separated at a "T" connec-

tion and each flowed through a stopcock, teflon needle valve (Fisher, Cat.
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Ko. 14-630-5), and fiowrmeter (Fisher-Porier 08F-1/2-08-4/36) respectively.
connections from the flowmeter cutlets were made directly to the electrodes
as they were installed in the cell, All gas lines were of welded %pyrex’
throughout eicept et pecints where flexibility was desired zuch &8s . the lines
leading to the cell. These were made by connecting & number of short lengths

of glass tuving with short lengths of flexible teflon tubing. 'Tygon”

o
e

uhing wae then slinne

n
—ry o — ~ i -

ver the teflon, ertending 81so onto the glass,
thus assuring a gas-tight Jjoint. This vrevented any air leakage int¢ the
feea “ines wnile the cell was opermstea under reduccd pressure.

Tae gas, after ficzwing past the electrodes, rase inside the respective
cell compartments and exited through the vent tubes. These were connected
by tygon tubing to the vent trair inside the boed. Tygon, wuich is at-
tacxed by chlorine but which is much eesier to use than teflon for flexible
leak-free connections wes satisfactory here since the gas nad already passed
through the ceil and subsequert contemination was not hamaful. However,
it was necessary occasionally to replace this tubing. Otherwise all
connections in the vent system were of welded pyrex. Siopcocks generally
contairel tefion plugs. Those coniaining pyrex plugs were lubricated satis-
factorily with Cocker "flnorolube” stopcock lubricant.

The vent line from the low temperature cell ~ompartment pagsse. through
a stopcock and then through a bubbier containing carbon tetrachloride.

This line was also connected to a callbrated Ashcroft type 1012 vacuum

gage used to determine the cell pressure. The vent from the anmilue of the
cell also passed through & stopcock and then joined the strear from the
bubbler before being expelled, Tims, the pressure of the high temperature
alectrode chanmber correspcnded to that at the liquid surface in the bubbler,
and the pressure of the lovw temperature electrode chamber corresponded

to that at the tase of the bhubbler. The pressure difference nould be



varied by chenging the level of carben tetrachloride in the buttler which
was connected through another stopcock to & C‘C‘lh reservolir., This permitted
excellent contrel of the liquid level difference in the thermocell.

Duriag atmospheric pressure runs, the combinel exit gas streenm wves exheust-~
el near the hood wvent. During reduced pressure iuns, 't wvas expelled via

a teflon needle valve through the water ssplrator pump. By throttling the
gas through the twn feed needle valves and the exit needle valve at a
controlled rate, steady vacuum wes maiuteined in the system,

S« Details of Electrode Construction

For meaningful results, it vas necessuxy that the electrodes be
designel so that only a small surface was exposed to the electrolyte.

To meet this criterion, the electrodes wcre constructed as shown in figure 21.
They were of Rational Carcon grade AGSX grephite rods 3/8" 0.D. X 24" long.
The rods were machined carefu’ly to & diameter swell enough to slide

easily into & 9 mm vycor sheath with just a small button, 1/8" thick

and 5/16 in diameter exposed to the melt. Iiquid was prevented from
contacting the upper carbon rod by the passage of chlorine through the
anmulus. Thus, orly a small isothermal electrode area was exposed to
reaction regardless of its cubmerged depth in the fused salt.

To make a leak-free electrical connection to the electrode, & hoie
was dril =d and tapped in the side near the top of ihe graphite rod to
accomodate a No. 8-32 brass machine screw. The head was milled flat and
a hole drilled and tapped inside this screw to accomddate a No. h-i8
machine screw. The vycor sheath was placed over the electrode so that
the bottom button and & small length of rod at the top were exposed.

The lerge machine screw was installed, and a hngtix of expandesd teflon
tubing (Pennsylvania Fluorocarben Co., 1/4" E-0.030" flexible expanded

natural TFE) was heated; consaquently contracting so as to make & tight



sesl betveen it and the vycor skeath., The other end of the teflon sleeve

was seal=d to a giess inlet tube, The taflcn entirely covered the exposed
graphite and the screw. A smell hol? was then drilled through the teflon

so that the No. "-48 screw could be tisbtened sgainst the flat head of the
larger screw. By thus tightening the soldered lead wire and a washer against

the teflon and the tefion against the large ccrew, a secure gas-tight sgeal

s amdendomd vetnd ale
whd

- . .
Whd ULwaLneh Wioa rmed seticfooatoriiv thromoahoe

et s
M ow & Va st e O - VL ety

the evrerimanta.
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The only difficulity encountered with the slectrodes was an occasional

fracture of the graphite rod where 1t had been drilled.



B. Development of Final Data

This section is devoted to the direct comparison of equation (28)
with experimental results. Equation (28) is simplified to the form shown

below in order to expedite numerical calculation,

E = 0.0430 { f

mn
-L

T lng - T ln([ ]TT)] (74)

In eguation (7i), 0.0L30 1s the quantity R/2F and has the units of mil-
livolts per centigrade c:gree, The other terms are explained in section
III,

To make the desired comparison, a temperature T and a total pressure
corresronding to an experimental determination were selected., Then from
knoun vedues of T, n, and ' (1,4,27,8); the last two terms of equation (7k)

wvere calculated. This procedure was repeated at several values of ‘1‘ for
2a8°

all of the pressures of interest. Then the value of the integral f T 4aT
T
wae chosen to give the hest agreement.between the calculated and © the

experimental voltages.

The results of a trial calculation for the NaCl-Cl, cell are shown in
Table VI. Teble VII gives - tabulated comrarizon of final results for all
of the cells studied.

The experimental voltages used for this calculation were read from

figures 9 through 12,



G LG %°09 o642
2 4% 9°4G gIST
Ge1¢ 026 996
06 G 06 6LS
6% T 6% £ge
A C'gH AW O°gH 92
ey oTeg 4(Eyat elet-

G4

gtT
09T

66T

gHT*0
60t i
Gly*o
vaan
o18°0
886°6

y/

4

gs 1agdsowye 2T0°0

T0°0

(¥ ,£L1T) D006
(M,EL2T) 0,000T

ogTe- 8510
TheET- 120
6ng- Lgw'o
005- ¢69°0
£€z- AW O°Lfy 0% 2280

FUITBATNDD

z- 2601 we 00°T
JiRs m N..m.—. Ip q O.H_ aansesaldd

oSVe & Te30%

oco.o.»wnivw.md.mm@oﬂm -H&ﬁ> IPTIOTYD wWmTpos

ctcaao.0‘||!000t-oavu.gaoo gﬁcﬂpn.ﬂg

Ocooooocoeoo-ococcovgga&ag 00“2@.“0&

ooo.ao..oooo..»c.o..o'-ah@wgo 23&&5@9

TieoomIayy, STo-TowN oy 103

o1ed

g UITA

IA 9Tquel

muvm JO uogtxsdmo)



Table VII

Tabulation of Experimentsl versug Calculated Voltages

{(all, voltages in millivolts)

Sodium Chloride-Chlorine Thermocell

O G s GER Sem NS Gae NS SEL CEN GNT GED GES RN GRS WER s

(Reference Tempersture... .900°C)

Temperature:: 1000°¢ 1100%C
Pressure fsnlc EQER OE L I%gﬂl AE
1.000 atm 48.0  48.5 -0.5 97.0  97.86 -0.8
0.822 9.1  49.h -0.3 100.5 99.3 1.2
0.655 50,5 50.5 0.0 102.8 101.5 1.3
0.487 52.0 51.5 0.5 107.0 105.3 1.7
0.321 54 .6 54,2  O.b 114,0 113.0 1.0
To.lsg 60,4 57.5 2.9 132.0 125.3 6.7

,Loz;s ar 1092 (47.0 av) 2167 (93.3 mv)

1200°¢C 1250°¢c

1,000  14%5.2 150.0 -1.0  177.0 178.5 -1.5
0.822 153,7 154.0 -0.3 184.2 184.0 0.2
0.655 160.3 157.8 2.5 194.6 190.2 4.4
0.487 170.7 167.5 3.2 212,0 203.8 8.2
0.321 191.0 185.0 6.0 258,0 ~mme- ———
0.158 282,0  cemme wee

T (¢}

I?-ﬁeéd'l‘ 3182 (137.0 mwv) 3648 (157.0 mv)

()

10°c
Egle Fexp OF
122.,5 123.3 -0.8
125.9 125.5 O.b
230.0 1284 1.6
136.2 13k.9 1.3
14%7.1 146.6 0.5
1741 1687 5.4

2702 (116.3 mv)

Wl (176 0 mv )
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Table VII (continued)

(Reference Temperature....850°C)

Temperature: 960°c 1060°¢ 1150°¢
Pressure B Eexp OB Eale Ee,@ AE E.. zexn AR
1.000 62.6 63.3 -0.7 102.2 102.6 -0.b 48,0 3I48.5 -0.5
0.823 63.9 64.3 0.4  109.2 1045 -0.3 152.5 1%2.5 0.0
0.657 65.3 65,6 ~=0,3 107.2 107.h 0.2 158.,0 157.5 G.5
0.490 67.4  67.4 0.0 1l1.b 1301 1.3 166.8 164.3 2.5
0.323 70,5 70,4 -0,1 118.2 115.8 2.4 183.5 176.2 7.3
C.160 7.1 78.3 -1.2 134k 133.8 0.6 242.0 2364k 5.6
0.076 8.0 87.0 1.0 169.3 160.5 8.8 330,0 —e-a- -
(]
f 225 ar 130 (61.5 w) 2306 (99.3 mv) 3221 (138.5 mv)
0
1250°¢
1.000 206 206 )
0.823 216 214 2
0.657 230.5 225 5¢5
0.490 261 25 16
p 0323  36h e e
248°
f =5 ar 4149 (178.5 mv)
T
(o]
Lithium Chloride-Chlorine Thermocell
(Reference Temperature....700°C)
(Pressure...1.0 atmeosphere)
memperature: 800°c  900°%  1000°%  100°%  1200%  1260°%
E 54,6 109.7 162,8 215.5 275.0 318.0
P '
( 2284 120 253 3724 4830 5685 6425
T (54.50v) (109mv)  (160mv)  (208mv)  (253mv)  (276mv)



Table Vil (continued)

Silver Chloride=Chlcorine Thermocell

IR e ANE AU M G GRS W WS TEL SEM GAn SUD WS @GN sme e e

(Reference Temperature.... .500°¢)

Tempersture 600°¢ 700% 800°c
Pressure Ecalc Eexp AE Ec ale Ee:gp AE Ecalc EL"R AE
1.000 68.0 67.5 0.5 135.5 13k, 1.0 200.6 1™9.h 1.2
C.787 £g.1 69,0 o.1 137.h 136.8 0.6 203.5 202.5 1.0
0.621 70.1  70.2 -0.,1 139.5 140.1 -0.6 206.8 206.5 0,3
0.455 Tl b 72.0‘{ -0.6 152.2  143.7 -1.4 210.8 212.5 -l1.7
0.290 73.3 5.0 =1.7 146.0 148.6 2.6 216.4h 220,0 -3.6
0,120 TT.2  T7.3 -0.1 153.8 1544 -0.6 228.0 230.5 =2.5
...0’016 85.8 818 4.0 171.0 163.0 8.0 254,0 ceeem ee-
£ *?%S-od:r 1560 (68.0 mv) 3150 (135.5 mv) 4665 (200.6 mv)
1.000 263.0 262.0 1.0 3242  323.,5 0.7 385 385.0 0.0
0.787 267.0 265.6 1.k 330.0 327.8 2.2 391 389.3 1.7
0.621 271.6 270.0 1.C 33%.k 332.3 2. 398 303.5 k.5
0.455 276.5 278.2 -1.7 342.2 311.5 0.7 hor 05,0 2.0
0.290 284.5 289.4 4.9 352.0 357.0 -5.0 520 425.0 -5.0
0.12C 306.0 303.0 -3.0 373.0 372.3 0.7 kh9 6,5 2.5
[258a oo (263 m) 75% (324 ) 8890 (382 mr)
o
1200%c 1300%
1.000 4hs S U S— 515  me=
0.787 453.5 k51 2.5
0.621 462 457 540
0.455 475 471 b,0
70+290 k93 1965 -3.5
248° 16,155 {438 mv) 11,600 (499 mv)
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Rum ntaew

C., Calculstion of Entropy Chanze for the Chlorine Half Cell Reaction

The st&ndard entropy change for the reaction

C1” ——~ 1/2C1, + e (75)
on & graphite eiectrode is equal to
0 0 =

a8 =1/2 c1, + §e’g - Spy- (76)

where s° is the standard state entropy for diatomic chlorine at one

Clz -

atmosphere pressure, Se “ is the transported entropy (equal to the sum of
I

s plus S"r ) of the electron in pure graphite and g .. , the corresponding
e,g e,g Cl
term for the chloride ion in the pure fused salt. However, since Llhe

quantity S is not known, eguation (76) will be rewritten as

c1-
as' = as® + Scr 1/2 s 12 - 85y~ (77)
The determination of aS' is outlined in table VIII. The first column
llsts the temperature irn c'C:. The second shows values of SMX’ the molal
entropy of the particular fused salt at the temperature given (va.lues
taken from Kelley(1%) and Glasener(9)). The third column 1lists the trans-
lational emtropy correction term of Pitzer(2hk), and the fourt: is the
partial molal ent:opy of Cl~ as determined from equation (35). The next
colurmn lists the corresponding chlorir entropies taken from Evans, et. al.(8).
The entropy of transfer for the electron in graphite is tabulated in column 6
and is estimated to be about 0.2 e.uX From these values substituted i .co
eguation (77), A S' can be calcvlated. The result is shown in column 7.
The equivalent Seebeck coefficient and experimental values for the Seebeck
coefficient and AS° make uy columns 8, 9, and 10. &¥ _ calculated as the

Cl
difference between A S8' and AS° is listed in the final column.

®*Note: The value § e vac estimated from that of za electron in copper

14
(-0.13 e.u. at 1000°K) reported by Tyrrell(32) from an articls
by Tewkin end Khoroshin (Z:r. Fiz Khim., 26, 500 (1952)). The
thermoelectric potential for the copper-graphite thermocouple at

1000°K (reference 37) indicates that the transported eatropy of the
electron in gmph.te minus that of the electron in copper is equal to
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D. Estimsted Thermocell EfZiciencies

‘These efficiency calculations are based on the assumptions made in
section VIII-B, i.e. (1} the contribution of the sclid conductor to the
efficiency or inefficiency is insignificant compared ‘o that of the
electrolyte, (2) the ceil output voltage ic one-helf of the theorecical,
and (3) polarization effects are negligible in comparison tc ohmic losses.

From an energy balance, the efficiency € of the cell is given by

€ =v/qg (78)
vhere w is the rate at which usefal work is supplied to the external load,
and Qg iz the heat transfer rate to the high temperature electrode. In

accordance with the above assumptions, w can be written as

w = EI/2 (79)
with I defined by
EgA
I= T (80)
where
E = open-circuit cell voltage
A = cross-sectional area of the electrolyte
L = length of the conducting path in the electrolyte
a = electrical conductivity of the electrolyte

ani E/2 is the internal veltage d.np of the cell as impliad in the second
assurption above.

The term ay is made up of three separate quantities; 9,5 the heat
conducted away from the hot 2lectrode due Lo the temperature gradient
in the elizctrolyte; Q. the heat absorbed at the hot electrade by the
cell reaction; and e, the heat =osorbed due to the evapc ation cf salt
hizh 43 continually carried away from the hot electrode by the circulating

shlorine. Equatlon {78} can ncw be written in tem. of these 3ymbols as

Eje (£1)

1t should be mentioned here that the erpression for Ay is complicated



by several other variatles., For example, the heat grnerated in Yhe zlecst-
rolyte by ohmic losses aliers the temperature gredient tetws:r __e.orodes.
Likewise, heat is given up as salt ccndenses out of the chlorine-salt
vepor mixture flowing from the hot e¢lectrode chamber., A simjlar eff:=:t
is introduced if the electrode gas dissociaces,

It can be shawn(%fb 14) that the effecu of oamic losses is to alter
the temperaturc profile auch that q, may be approximated by sssuming a
linear profile and then subtracting from the resulting heat flux a quantity

equal %o half tbe ohmic power iocss. In othrer werds,

_xa (’r " Te) 12 L (82)
9 = L 20A

The effect of salt condensation and recombination of gas {monot. dec to
dlatomic) ir 4%hz return line also tends to reduce Lle quantity q,-
Howerer, quantitative evaluation of these terws yields & second order
differential equation which is not amenmabvle to routi.e solution methods.
For this reason, equation {82) will be used to define q,- Thexefore,
the final calculsted efficiency will be smaller than would nave been the
case had vaporization rnd dissociation effurts been includsd. This will
provide a safety factor to compensate for assumptions (1) and (3) discussed
in the beginning of this section.

The heat absorbed by the hot electirode resciion 9. is defin2d by the

Ifoiiowlng:
I TH¢Q‘SH

qr - HF

(83)

where z:sﬂ ic the entropy charnge for the process ocourricg at the hot el-

ectrode. &S vhich is related to the Seebeck coefficient o, i.e. the

H

glone ¢ the E versus tempersture

2]

UIVE wi TH can be determinesd by dif-
ferentiating equation (28), o~ where data are available, by direct measare-

ment from the greph.



, the neat effect due to salt vaporization is defined by equation (8h}
qV

below.

¥
AHV I Py

o= (o) (8%)

wvhere p;; is the melt vepor pressure and ALHV is the hesat ¢f veporization.
Equation (81) is more easily evaluated if rmmerator and denominator
are divided by T. By doing this and then combining equationa (82) and (80),

the following equaticns result:

q 2 k {7 - T,) .

-t% = E p v - !; (85)
% Tgl5%

T T TR " (86)
_ql . AHY pHX ) (87\
I e - Py ;

In terms of quantities which can be calculated, the expression for

the efficiency nov becomes:

6 = —_ (88)

o

+
i (¥l PRV
P

Equaticn (88) was used to calculate the efficiencies listed in
Table IX, Resuits are shown here for the silver chloride-chlorine cell
and the hypothetical cells boron oxide-oxygen and iithium fluoride-fluorire.
Experimental results were used for voltages of the silver chloride-chiorine

cell while those of the remaining cells were estimated using cqaaticns (28)

and {35).



Table IX

Estimation of Thermocell Efficiencies

Table IX-A: Silver Chloride-Chlorine

T, = 500°¢ (773°K) AE_ = 48 Keal/gmele (b)

k = 0.00837 Watt/c%m (a) o =5 ohm Lem™t (e)
I o O,y. X
7 0L (3 K); Bpgey - 0.000 ate (4)

ua E e /T L/t €

1,000 atm 262 mv Ok IV 728 mv —em- 2.2 per cent

0.621 270 4392 739 -——- 2.4

0.290 289 4568 822 R 2.7

0.120 303 L34k 855 ———- 2.9

(2.9 per cent

efficiency is equivalent to a figures

of merit of 2.7 X IO'h)

) a0y y. € _ ,
Tp_" 1100°C (3737K); Brgep = 0-015 et (@)
7.* L . S . <
1.000 atm 385 mv 5124 mv 352 mv 15 mv 3.2 per cent
C.621 393 5012 86 25 3.3
0.290 425 L62k 920 55 3.8
0.120 L7 4388 1000 123 4,05
(4.05 per cent efficiency is equivalent to & figure of merit of 3.3 X 10'“)
0 2Oy, B ..
Ty 7_1200°C (W73K); Bpgey 2 0 046 atm ()
ro 2l s vt e
1.000 atm 445 mv 5139 mv 915 mv 51 mv 3.6 per cent
0.621 457 5006 972 84 3.8
0.290 4g7 4586 1060 200 L,25%
0.200 528 4308 1106 666 435
(4.35 per cent efficiszry 13 equivalent to a figure of merit or 2.9 x 10'h)
Ty 7 1300° 515703 Hgey = 0136 wim (@)
i E q./1 1,/T 1,/1 €
1.000 ata 510 mv 5128 mv %R3 mv 164 mv 4.1 per cent
0.70 527 4o38 952 251 b3
0.40 560 h632 1003 536 k.5
0.20 63k K061 1099 2210 k.3

(4.5 per cent afficiency 1s equivalexv 0 e figure of merit of 2.6 X 1o'h)



Teble IX-A (Centinued)

o O,y .
Ty~ 1987°C (1860°K); gy = 0996 atm (@)
T E 2/1 a,/1 q,/1 e
1.000 &im 614 mv LOO6 mv 1183 mv 10040 mv 2.7 per cent

Table TX-B: Boron Oxide-Oxygen

To = 527°C (800°K) AH_ = 48 Kcal/gmole (b)
k = 0.00837 Watt/C%nm (a) 0 =5 cam Y™t (c)
T, = 1800°C (2073°K); p]’;o - 0.011 atm (2)
____________ B e e
7 E (e) q./1 qr/I q,/I €
1.00 atm 521 mv 8269 mv 310 mv 6 mv 2.7 per cent
0.50 540 6065 Bi1 12 3.9
0.22 567 5758 883 20 4.25

(4.25 per cent efficiency is equivalent to & figure of merit of 1.46 X 10'h)

Table TX~C: Lithium Fiuoride-Fluorine

o = 877°% (1150°K) AF_ = 48 Kcal/gmole (b)
k = 0,00837 Watt/C%%m (a) g =9 ohm ™ Yem™t (c)
. .0 oy, e _ .
Ty = 1423°C (1700°K); vpyp = 0-113 etm (a)
7 E (e) a,/T /1 q /1 €

1.00 atm 646 mv 1438 mv 1380 mv 265 mv 10,5 per ceut
0.50 59 1171 1520 609 11.k
0.20 910 9R 1720 2700 8.5

(1.4 per cent efficiency is equivalant to 8 figure of merit of 1.86 x 1073 )

Rotes ;

(a) thermal conductivities were assumed to be 0,00837 Watt/ C%%m for ali
three melts as teken from Sundheim(29). This is probably low for 1lithium
fluoride.

(b) The heat of vaporization is raporied by Bloom, et. ul.{4) for silver
chloride, It appears to be very nearly the same for the other molten salts(g)‘

(c) Electrical conductivities were taker from Mantell(18) for silver
chloride, from Yim and Feinieib(36) for lithium fluoride, and it was
estimated for boron oxide. Note that it ie not entirely vaiid to use
normal conductivity date since only one ion migrates in the thermocell.
However, in {he absence of better date, these messured values were used.



(d) Vapor presaures were taken from Bloom, ei. al.(4) for silver chloride.
Values for other melts were estimated from beiling point and haat of
veporization data reported by Glassner(9).

(e) Voitages for cells conteining boron oxide and lithium fluoride electro-
lytes were estimated from equation {28). The ionic entropy for the oxide
ion in boron oxide was 2siimeted to be one fifth of the entropy of the pure
melt--~obvicusly, & questionable extrapolation of Pitzer's equation. The
fluoride transported entropy was assumed equal to the value calculated
from Pitzer's equation, and it is considered to b quite accurate.
Entropies of transfer, of course, were assumed to be zero in both cases.
Entropy and equilibrium date were itaken from Glassner(9) and Stull and

cu....\.-lm\
PETIiws-N =3 l



B. Discussion of Fossible Experimental Errors

The 42ty obtained in this +ork were consistently reproducable. Thelir
precieicn likewise was good (fluctuaticns in voltage were considerably less
than a millivolt and can be attributed to smull variations iu the temperature
of the melt in conmtact with the electrodes). However, there are two areas
of possible consistent error which should be discussed. They sre (1) the

posaivie air dilmiina of “he chiorine L o th

[47]
(]
ﬂ)
a
0

chl &ad
rednced pressure opsration, and (2) possible errors associsted with the
observed residual volteges.

1. Air Dilution of Elecirode Feed Gas

As mentioned in sectica A of the Apvpendirx, special precautions were
taken to make both the feed linzs and the electrode fittings gas tight.
Othervise, leakage of air into the electrode feed lines during vecuum
operation would dilute the chlorine causing an erronecus reading of cell
voltage. That the system was indeed leak proof .is illustrated by the follow-
ing observations:

(a) During vacuum operation, it was poseible to change the chlorine

flow rate to either electrode by a factor of up to two without changing

cell voltage. The only limitation here was the point at which the
chlorine bubbling past the electrode became too violent and causec
voltege fluctuations due to mixing in ¢he non-isothermml electrolyce

If air were leaking into the lines, che change in chlorire feed rate

without a similar change in leak rate would ceuse a voltage shift due
to the change in diluent concentrstion. 'T™e lack of any such shif} is
evidence that leskage did not cccur.

(b) The chlorine was throttled throuszh ssparste nesedle valves placed

e considserable distance down stream fror the point vhere the tvo feeds

separeted., The lines up to the nesdle valves contained chlorine above



stmospheric pressure (about 5 psig) so that any inward leakage of air
would have to occur in the feed lines downstream from the needle valves.
It is unliikely that such leakage would occur in the separate feed lines
to the same extent. Tnc.c¥fore, if an air leak were present in one of
the lines, the cell would show an e.m.f, at zerc temperature difference
due to & ceoncentration effect. A leak rate sufficient to affect re-
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and it would vary with chlorine feed reste and total cell pressure.
Aside from much smeller residusi e.n.f.'s discussed below, such an
effect wvas never observed.

(c) Leak tcsts, made by placing & flow meicr in series in z line con-
nzcting the vacuum pump to the gas ocutlet at the base of the electrode
showed no leskage when the teflon throttling velves were closed.

2. Discussion of Residual Voltages

As observed in section Vi, the exverimental curves of cell volteage
versus the temperature iifforence between elecirodes did not alweys go
throvzn the origin, but often showed residual voltages of severgl n.l-
livolts. An analysis of the experimental arrsngement leads to five pcs-
sible caused of this effect. The poszible causes are:

(a) TIncomsistent thermocoupies.

(b) Thermoelectric effects resulting rom di¢ferences in composition

of the graphite electrodes.

(¢) Thermoelectric effects resulting from external electrode comnections,

(4) Voltags effects resulting from hyirostatic pressure differences.

(e} PBrrors resuiting from differences between actual slecirode

teuperatures and those messured by the thermocousrias.
These five effects and thair possitie contributioans to the residual voltage
are discugsged individually as follovs: |

(s) Inconsistsnt thermocouples: (These are thrrmocouples which give




different temperature readings vhen ‘mme.sed in the same isothermal
bath.)

To check for inconsistency in the couples used here, the two
isothermal electrode compartments were hcld steady at different temp-
erastures and the thermocouples were read. Then, the ceramically in-
sulated couples were interchanged from one vycor protesction tube to
the other and read again while in their new locationa. 1t was found
that the messured temperatures of the electrode compartments were the
sane regardless of which thermocouple was present, thus demoratreting
that the couples gave consistent tempersture readings. The seme pro-
cedure wes repeated more than once over the period of this investi-
gation vith identical results.

On e .other occasion, one of the thermocouples was placed in the
same tempersture environment with a National Bureau of Stendards
standardized couple. Tho terverature indicated by the test couple
was in agreemant (to within 1°C) with that messured by the standard.
Reforuing of the thermocouple bead also did not affect its accuracy.
In genersl, the plsatimun versus 90 per cent platinum-10 per cent
rhodium couples usad were found to give consistent and accurate
readings. Hence, the possibility of residual volteges arieing from
inconsistent thevmocouples, iz elaminkted.

(v) Termoelectric effects resulting from differences in composition

of the grephite electrodes:

It will be remembered irom the apperatus description that the
top ends of the graphite electrodes projecting from the cell were nearly
at room tamperature, and the other emds were at the tempersiures of the
respective slectrode comprrtments wvhere thay mede contact with the

electrolyte. Under these conditione, very small differences im elec-



trode composition will cavae an e.m.f. just as if the slectrodes were
of different materiais. In other words, inhomogeneous electrodes
placed in & thar. ©  adlant =nd electrically connected will ect

a8 & thwin  vylv o+ gent ¢ & voltage, The graphite ~lectrodes used
were (. thr h: - ... o7'Ty obtalaable. Even so, if they were to con-
talin ¢ .ig .t lwpurities in different amounts, an e.a.f. would be
gensrated in .ae thermocell in addition to that attritutable to the
half cell cinctrode reacticns. This voltage would be xelatively
insensitive to the iifference in electrode temperatures, since it
would result from the fact that there is always a tempersture gradient
in the clectrodes, and it could account for the residual voltage
observed at zerc AT. In order to defemine vhether such & voltage wes
present, the hot snds of the electrodes wers short-circuited with a met-
al wire snd this “junction” placed in the emycy furuace. The ends of
the elratrodss prujacting from the furnace rereined ¢sid. At hot
Junction temperstures greater than 800°C, vnlieges of less than

0.3 mv wecre ganerated; adeguately demonstrating Laat the electrodes
were sufficiently homogeneous.

{c) Thermcelectiric effects resaltirg from extermal electrode con-
nections:

Even though the icyp 2ads of the electrodes which project from the
furnace are nsarly at room tsmpersture, they can still differ in temp-
erature by several degrees. Thas, it i1s possible that a thermocouple
e.m.f. could develcpe at the coppur-graphite junctions where the two
eisctrodec are connected tc the axtermel ciremit. EHowever, estimetion
of the woitage foxr a copper-groph’te alectrode irom vaines tabulated in
a rtandavé refurenca2(3]) shows tiat this effect is insignificamt. As
a further civcik, the two elecirodse were coaxpcted at the “hot" ends
with & wtal wive. Then, with doth electrodes at room temperature, ome
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of the cupperegraphite junctions was hested. The resulting e.m.f.

was negligidble as expected.
{d) Voitage effects resulting from hydrostatic pressure difterences:

It is apparent thet the difference in electrode-compartment

pressures will influence the cell voltage due to a concentration effect.

For example, if both electrodes were at the same tempersture but at
preesures differing by the hydrostatic need A p, there wonld be 8

net voltage as shown by the Hernst eguation oelow:

RT wea
AEAP =2F In - V——-E (89)

This voltage is small, however, except where Ap approaches 7 in
magnitude, &EAP was negliigible for most of the work reported here
and vas certainly r - for the data reported in figure 7. Neverthsless,
an increass in the residual voltage was observed sxperimentally as
expected at totall cell pressures less than helf an atmosphere.
™he observed residual volteges of several millivolts were found to
agree to within a millivolt with those calewlated frea equation (89)
One cheracteriatic of J:BAP vhich 1s of perticular importence
ir this discussion is its relative inssnsitivity to AT. This cun be
seen fram osquaticn (8g) vhere it is apparent that .{EAP rémaius al-
moat conatart with AT vhen T is large. Thus, for the data reported
here, beciuse of the high temperaturss involved, the reszidual voltage
due to the hydrostatic presswr+ difference can be considsred & con-
staat for a yarticular run and hence, can be subci=sced from each
date point, Tals, correction, however,; 1s negligidls Tor most of the
doca token, and when [ E,,, saloulated from equation (89) 12 sub-
stantial, it still does not acoount for the total residual voltage
observed. The source of the erruvr ~ppoars to be attributudbls to the
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factors discussed under item (e) which follows.

(e) Errcrs resulting from differences Letween uctrsl eisctrode

tesperatures and those messured by the themwocouples:

I our experimenta cell, the beat transfer situation is com-
plicated by & mumber of factors. For example, hist is transferrea hy
radiation from the furnace colls to the outer cell tube and froa theasce
through the transparent electrolyte to the thermocouples; eleztrodes,
end the inner cell tube., Moanwhile, these components exchsuge heat
by conduction and radistion with the cuoler yarts of the cell and eech
other. In addition, heat is exchinged by conduction between tbhe melt
and the cell components. In light of these factors, it is ceice
possible that the thermocouprle jJunctions are not at the same temper:-
atures as the electroder. Quantitat ve evaluation of this tsmperstucs
discrpancy is difficult because of ir. compliceted heel~transier
situation, _«t with the 21d of some gualitative reasoning, it i«
possible to isolate 1ts probavle scurce.

First of all, it in imvorta.. to chserve, that there are essent-
i21ly two sets of thermocouples *~ %as ozll, iie measuring couples
which indicets the teaperatures o thel:r separate Junctions indepor..-
sfutly, and the electreies valch messure the temperature difrfurence
betwveen their respective grapbits-molten salt interfaces. From the exp-
erimental datu, corrected for I!Jp, it appears that when tie measur-
irz couples were ot the same tumperaturez, the so cailad "hot"
electrods vas slightly lover in temperstu~e than the "colS” elest: xe.
This discreyans; amurted to 8°C at arowud 500°C and approsched
1610 &8 the temparetwie lovel of the call in~reassd to 900°C and
sbove, This indicates tha’ the ealesiredes Yor rns readen er andther
vere mt ut the same tewperatures es their adjecent thermocour’as.



the measured AT's yielding a curve such as that showr in Figure 6, The
mxinum AT obtainable by this cell was about 150 to 200°C tecsuse of com-
duction of heat from the hot to the coli zone through the melt. In other
wvords, with a AT of this magnitude, all of the power supplied to the furnsee
came through the high temperature contrel unit, and any further increase in
1his contiol tempersiuie served only to raise both the hot and the cold elec-
trode temperatures without increasing AT appreciably. Therefore, after the
first string of runs were made to & AT of 150 to 200°C, the cold electrode
temperature wvas raised about 100°C, the hot electrode dropped to the same
temperature, and another string of runs mads by heating the hot electrode in
20°C steps until AT vas again 150 to 200°C. By this method, A mumber of
curves similar to figure 6 were obtained, each carresponding to a different
cold jJunction tempersture, but "overlapping” by about 50°C.

C. Reduced Pressure Runs

When measurements over the complete temperature range from juat
aoove the welting point to about 1300°’: vere mads at atmospheric pressure,
the procedure was repeated at vci‘lous degrees of vacuum. Reduced pressure
was affected by expelling the chlorine from the gas exit system through a
water aspirator. Excellent pressure control wvas obtained by throttling the
electrode feel streams and the gas to the aspirator through teflon peelle
valves. For vacuum data, the cell pressure was initially reduced to & -5
inches of mercury and hald there for & series of runs covering the tempera-
ture range from th_e melting point up to neerly 1300°c. Then the pressure
ves reduced to a -10 inches of mercury and the procedure repeated. This was
done in turn for pressures of -15, =20, -25, and in two sytems, -27 inches
o percury. FPressures were determined to within + 0.1 inch of mercury by
o vecuumr gage placed in the vent line from the cold electrode. The gage was

csinbrated vith'a mercury monowster. Vacuum reedings werc converted to abso-



gualltative svalvatieon of thz variocus factors ipfluerncing
radiotion indinaies that the electrode and thermocoupiz should not
differ in tempersture due (o ¢1fferences in view factor or emisaiyicy.
Ga the cther hand, wha: the total thermal conductivity (k times crosa.
section area) of tre elscirede stem is compered with the same Guartiny
for the thermocounid, 2t 1o found twat the = ttrode, Jue 1o it loiwe
erosg ssehinom, will coa- iy Leat e, at 8 rate 100 {im=s higher
than the thermoccuple wh~n they have ideatical temperature grailents,
Rence, due to tnis . urge conductive flux, it is possibie that the
glectrode may actually be cocler than the thermocouple adjacent to
it. From the cell gevmetiry, it i3 possible to limit this effect
even fuarther to the not electrode chamber where the eleitrode and
TheyEocouple exper’ence a stee +4hermal gradient just above the sur-
face of the electrolyte. {(The cold electrode and thermocouple by
virtve of their inftial phszage through the hot psrt of the eell do ot
experisnce mch of & thermel gradlent. HRence, they cannot show a
significant temperature differe-ce arising from this conducticn
effect.) 'Cherefore, it is reasonable to suppose that the hot elect-
rode con be at a lower tempern.ure then the two thermocouples and
the cold electrode when the latter &1z isothermxl. TIf this 1is the
ceae. the radiative heat flux incrzases exponentially and the rel-
xtive importance 8f the conduction effect hecores Less and less
&3 the temperature level of the c21) increases, Hence, as was observed
exparimentaly, the temperature discrepancy (or the residual voltage)
approacher zero as the average cell temperature increases,

In order to provide a fiymer basis for the above explapation, an
exierinental jrogram was arrsnged which would yleld the temperature

diflference between electrodes ag a function of AL uweasursd by the



thermocouples mder c¢onditicns similar to the original ruas. Thiz wes
done by placirg the elecirodes and thermocounles in the cell in ex-
actly the same positions &g ther were during & norzal run. A =cltien
salt electrolyte, howeser, was not rlaced in the cell, but instesd,
tos cell waz filled wiith argoa snd the electrodes were connected with
& lengtlh of platimm wvire. The therwal e.m.f. of the platinum vc-sus
graphite junctions bhed been carefully =measured previously. Therefore,
A’Ee, the temperetiure differsnce betveen the electrodes, could be
wasured independantly of AT, the temperature difference between
the thermocouples. Biace the molten salt alectrolytes normally use?
vere trensyarent to radiant heat, it vas feit that this setup aim-
ulsted tus actusl heat transfer situation cicounteied during normal
operuscion., It was resliized, of course, that Gua to the atsence ¢f the
liquid, the beat conducted by the fiuid ir the cell woulld be much
ssaller than usual, This, hovever, would tend to accent any discrep-
ancy which ogcured undsr normal conditions.

T™he rasultie of the test program are snown in figure 23 for
the experimantal setup described sbove. The figure shows A‘l‘e,
the tamperature difference between the electrodes as & function of
AT, the tamperature difference measured by the thermocouples. 1t
should be observed tbat if Al'e ie equal to AT, the point v4ll fall
on the forty~five degree line shown in the figure. It Js cospsivabls
that 41“ could still equal AT vhen neither elsctrode wvas at the
thermocouple temperature., In this case, ths diZference betwesn
alsctrode and thermocouple temperatures viaild be the same in both
coxpartments. However, considerisig the configuretion of the cold
cisctrode compartzent, it seems unlikely that a tempereture discrep-
ancy of any size exists thore, and it scems even more ualikely that
s 4 an e vray 112 he T gA ) a8 that i the hot commartme-t.
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Therefore, assuming that ithe terperature of the cold electrose i
equal to that of the cold thermocouple, the results in figure 23 show
that the not electrode is actually colder than that of the hot thermo-
coupie at low average cell temperatures. Purther, it can be seen
“hat this iliscrepency ternomes smAller se average temperature iucreases
until st temperatures of 800°C and abtove » AT, 1s very neerly equal to
T ag read by the thermocouples. The behavior of the tempzrature
discrepancy, ever though it is larger in the sbsence of an electmrmn-
lyte, is identical to thiat of the residmal voltages observed during
the actual thermocell experiaents. These resulis provide strong evidence
for the argument put forward avove which asserts that the hot elsctrode
and thermocouple were not at the same temperature,

The most iwportant aspsct of the above finding 18 that the temp-
ernture discrepency, hence, the residual voltage, is relatively in-
censitive to AT. The . ore, this residual F, o can be treated
as though it were independant of AT, snd it can be subtre:ted from
each data ypoint in a given run.

Of the five considerations above, it onpears that the total observed
residual voltage &E is the sum of &EAP discussed in item (d) and &EAT
discussed in item (e). Both are essentially constant with AT. Since the
sum, therefore; is =21s0 constant witi AT, the reeidual voltage determined
Iom an eiperimental plot of E versus AT can he subcracted from ¢ach
separate voltage reading t¢ give curves which pess through the origin.

Then, these curves can be superimposed (see section VI-B) to give total

voltage versus temperature graphs.
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F. Homenelature

cross-secticn area of the electyolyvie

rex 2isivla cell potential; wolts

Givbs fres energy

partial molsl free energy; cal/g mule

Feraday's coustant; 96,500 ~oulombs/g equivalent
enthalpy; cal/g mole

cuarvent; auperes

transport fluxes as contained in equations (36) and (37)
thermal conductivity; Watt/cm °C

dissociation constant

half-resction equilibrium ratic

coefficient used to relate fluxes and forces., Also used to denote
the length of the conduciion path through the electrolyte

coefficient of performance defined by 2quation (4). Alsc used to
denote molecular weight,

dissociation variable defined by equation {22}

pregsure; atmospheres

vapor pressure; sStmospherss

used to denote heat, energy

heat, of transfer of species "k"

rate at which heat is conducted away from the hot electrode chamber
heat transfer rate to the hot elactrode

heat absorbtion rave at hot electrode due to resction

heat absorotion rate at hot electrod: due to salt vaporization

gas constant; 1.987 cal/g mole °K

symbol used 8; denote entrupy; ertropy units (cal/g mole °C or
Btu/it mole "F)

standard state entropy

pertial molal entropy



entropy of cransfzr

3 transported entropy; S = & + Sk

T temperature; K

W rete at which work is done

Cl quantity of energy as work

X mol28 of chlorine diss~lated per mole of feed
z  ?Tigure of merit defined by equation (5); %¢c™t

a Seebecg coefficient,; rate of change of voltage with temperatuvre;
volts C

A 8 mltiplier less then unity which relates ihe entrcpy of transfer
to the envropy of activation

4,4 vzed to denote incremental quantities

£ efficlency, defined as the quotient of the usaful work produced
divided by the heat suppiled by the high temperzture soarce

i the mumber of electrochemicsl equivalents per.gré&m mole
v total wressure; atmosypheres
4’ total pressure minus the vapor pressure of the salt; atmospheres
eicctrical conductivity; oha © em t
Yy electrical potential; volts
Subacripts
c denotes the low-temperature Junction

i used to denote a genzrel specles. Also depotes sin electrical flux

or force
H denotes the high-temperuture junction
M refers to the cation in a metal-halide salt
Q refersz L0 @ heat flux or force
T used to denote a total gquantity. Alsc denotes a quantity at a

specific temperature
X refers to the anior in o metal-halide salt

1,2,3 used to dencte the seperate. legs uf a thermoelectric device. Also
denotes gquantities in zones 1, 2 anc 5 in figure 3
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